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Abstract 
 
This thesis work presents the requirements and criteria for design and constructs the 
first SYSTEM FOR POWER GENERATION AND STORAGE OF ATMOSPHERIC 
ELECTRICITY based on the phenomenon of the corona current. All experiments and 
criteria were realized for the atmospheric conditions of Bogota-Colombia. The thesis work 
was performed under the hypothesis that a corona source composed by a corona 
electrode immersed down a natural electric field on thunderstorm conditions can provides 
an important corona current that can charge energy storage elements. 
 
Before design the system for power generation and storage of atmospheric electricity, 
the physics of the corona current was studied collecting previous works of the great 
authors at the beginning of the century XX as Peek (1920), Large and Pierce (1956), Rao 
and Bhattacharya (1966), Chapman (1970), Nasser (1971), Raizer (1987), at the end of 
century XX and beginning of century XI Cooray, Risk, Roman, Becerra, D’Alessandro, 
Arevalo, the works realized by the Electromagnetic Compatibility Research Group of the 
Universidad Nacional de Colombia EMC-UNC, and others. This thesis work presents 
laboratory experiments, results and models and simulations for describing the physics of 
the corona current. 
 
 A measuring system of corona current was constructed and electric field sensor and 
professional weather station were implemented. With the measuring systems, 22 
thunderstorms in Bogota-Colombia were registered. Using the 22 thunderstorms 
registered an algorithm prediction for thunderstorms was proposed, additional, with the 
results an analysis of the behavior of the corona current, electric field, pressure, 
temperature, humidity and wind speed were realized under thunderstorm conditions. 
 
Finally, the thesis work presents a complete description and design for constructing a 
corona tower for storage of atmospheric electricity and the recommendations for built a 
plant for power generation using corona towers. 
 
 
  
Table of contents 
 
1 CHAPTER 1: INTRODUCTION ..................................................................................................... 23 
2 CHAPTER 2: PHYSICS OF THE CORONA DISCHARGE PHENOMENON ........................................ 24 
2.1 Positive corona current simulation in a point-to-plane arrangement using finite 
difference method ........................................................................................................................ 26 
2.1.1 Theoretical model ..................................................................................................... 26 
2.1.2 Parameters for the positive corona current ............................................................ 27 
2.1.3 Boundary conditions................................................................................................. 28 
2.1.4 Initial conditions ....................................................................................................... 29 
2.1.5 Results ....................................................................................................................... 31 
2.1.6 Conclusions of the section 2.1 .................................................................................. 35 
2.2 Corona electrodes ............................................................................................................. 36 
2.2.1 Corona current in a cactus-like electrode under natural-like electric field: 
comparison with a single-needle electrode ............................................................................ 36 
2.2.1.1 Tested electrodes .................................................................................................. 37 
2.2.1.2 Experimental setup ............................................................................................... 37 
2.2.1.3 Experimental procedure ........................................................................................ 39 
2.2.1.4 Experimental results .............................................................................................. 39 
2.2.1.5 Discussion .............................................................................................................. 49 
2.2.1.6 Electrical characteristics of the cactus-like electrode ........................................... 53 
2.2.1.7 Simulations ............................................................................................................ 54 
2.2.1.8 Electric field in the cactus-like electrode tip ......................................................... 56 
2.2.1.9 Conclusions of section 2.2.1 .................................................................................. 57 
2.3 Influence of the wind for positive corona in a single-needle-electrode on thunderstorm-
like conditions ............................................................................................................................... 58 
2.3.1 Tested Electrode ....................................................................................................... 58 
2.3.2 Experimental Setup .................................................................................................. 59 
2.3.3 Experimental Procedure ........................................................................................... 59 
2.3.3.1 Corona onset test .................................................................................................. 59 
2.3.3.2 Positive corona current test under air flow .......................................................... 60 
  
2.3.4 Experimental Results ................................................................................................ 61 
2.3.4.1 Corona onset test .................................................................................................. 61 
2.3.4.2 Positive corona current test under air flow .......................................................... 63 
2.3.5 Discussion ................................................................................................................. 67 
2.3.5.1 Corona onset ......................................................................................................... 67 
2.3.5.2 Effect of the wind on the positive corona current ................................................ 68 
2.3.6 Conclusion of section 2.3 .......................................................................................... 72 
3 CHAPTER 3: MEASUREMENTS OF CORONA CURRENT, ELECTRIC FIELD AND ATMOSPHERIC 
VARIABLES UNDER THUNDERSTORMS CONDITIONS ........................................................................ 73 
3.1 Corona current and space charge during a thunderstorm ............................................... 73 
3.1.1 Measuring system ..................................................................................................... 74 
3.1.1.1 Corona electrodes ................................................................................................. 74 
3.1.1.2 Corona current measurement system .................................................................. 75 
3.1.1.3 Electric field sensor ............................................................................................... 76 
3.1.2 Thunderstorm measurements ................................................................................. 76 
3.1.2.1 Corona current and electric field measurements during a thunderstorm ........... 77 
3.1.3 Test of the measuring system .................................................................................. 79 
3.1.3.1 Experimental setup ............................................................................................... 80 
3.1.3.2 Experimental procedure ........................................................................................ 82 
3.1.3.3 Experimental results .............................................................................................. 83 
3.1.4 Conclusions of the section 3.1 .................................................................................. 85 
3.2 Behavior of corona current and atmospheric variables under thunderstorm conditions: 
thunderstorm prediction algorithm .............................................................................................. 86 
3.2.1 Introduction .............................................................................................................. 86 
3.2.2 Criteria for thunderstorm prediction ....................................................................... 86 
3.2.3 Measuring system ..................................................................................................... 87 
3.2.4 Atmospheric variables measurement ...................................................................... 87 
3.2.5 Thunderstorm prediction ......................................................................................... 91 
3.2.6 Conclusions of section 3.2 ........................................................................................ 92 
4 CHAPTER 4: SYSTEM FOR POWER GENERATION ....................................................................... 93 
4.1 Criteria for power generation from atmospheric energy ................................................. 93 
4.2 Corona Tower over ground ............................................................................................... 98 
  
4.2.1 Corona electrode .................................................................................................... 100 
4.2.2 Lightning protection ............................................................................................... 100 
4.2.3 Conductors .............................................................................................................. 101 
4.2.3.1 Inner Conductor .................................................................................................. 101 
4.2.3.2 Outer Conductor ................................................................................................. 106 
4.2.3.3 Calculation for the resistance and inductance of inner and outer conductor .... 107 
4.2.4 Discharges of the Corona Tower installation ......................................................... 111 
4.2.5 Inductance of the Corona Tower installation ........................................................ 112 
4.2.6 Bank of capacitors .................................................................................................. 114 
4.2.6.1 Loss of bank of capacitors ................................................................................... 116 
4.2.6.2 Dissipated power by the measurement system .................................................. 116 
4.3 Corona Tower over a building ......................................................................................... 118 
4.3.1 Design and Corona Tower over a building .............................................................. 120 
5 CHAPTER 5: POWER GENERATED BY A PLANT OF POWER GENERATION FROM ATMOSPHERIC 
ENERGY ............................................................................................................................................ 123 
5.1 Power generated by array of corona electrodes ............................................................ 123 
5.2 Plant for power generation from atmospheric energy ................................................... 127 
5.3 Places to be installed a plant for power generation from atmospheric energy according 
with the cloud altitude ................................................................................................................ 128 
6 CHAPTER 6: DISCUSSION, FUTURE WORK AND CONCLUSIONS .............................................. 131 
6.1 Discussion and future work ............................................................................................. 131 
6.2 General conclusions ........................................................................................................ 131 
6.3 Contributions of the present research work and publications ....................................... 133 
7 REFERENCES ............................................................................................................................ 134 
8 ANNEX: MEASUREMENTS RECORDED DURING 22 THUNDERSTORMS ................................... 137 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Lista de figuras 
            
                        Pág. 
Figure 1 Corona Electrode. 0.7 m length, 14 mm diameter and spearhead termination 
copper rod with a needle in the rod tip with 0.1 m in length and radius 0.2mm. ......... 28 
Figure 2 Experimental setup. Two 1.5 m2 plates conformed a plate-to-plate electrode 
arrangement with 1.5 m distance between plates. Notice the location of the electric 
field mill and the tested electrode. The corona space charge removed by the air 
stream cross influences the electric field meter. ........................................................ 29 
Figure 3 Boundary conditions for the corona simulation. The upper plane is the high 
voltage electrode set with 8kV and the corona electrode and the contour in red color is 
set with 0kV (ground). ............................................................................................... 29 
Figure 4 Distribution of the electric potential in the point-to-plane arrangement. The upper 
plane is set to 8kV and results are shown in logarithmic base 10 scale. ................... 30 
Figure 5 Magnitude of electric field, the upper plane is set to 8kV and the results are 
shown in logarithmic base 10 scale. .......................................................................... 30 
Figure 6 Electrons density distribution at t=40ns. The color scale is logarithmic base 10 
scale ......................................................................................................................... 31 
Figure 7 Positive ion density distribution at t=40ns. The scale in color is logarithmic base 
10 scale .................................................................................................................... 31 
Figure 8 Negative ion density distribution at t=40ns. The scale in color is logarithmic base 
10 scale .................................................................................................................... 32 
Figure 9 Evolution of the electron density for the time range 10    40 inside of the 
interelectrode gap-space. ......................................................................................... 32 
Figure 10 Evolution of the Positive ion density for the time range 10    40inside of 
the interelectrode gap-space. .................................................................................... 33 
Figure 11 Evolution of the negative ion density for the time range 10    40 inside 
of the interelectrode space gap. ................................................................................ 34 
Figure 12 Wind speed applied to the interelectrode gap space. Notice the direction of the 
wind speed. The wind speed is applied in a laminar form. ........................................ 34 
Figure 13. Cactus-like electrode constructed with a 1 m length, 14 mm diameter and 
spearhead termination copper rod with a needle in the rod tip. 101 needles, 0,1 m in 
length, 0,4 mm in diameter and tip radius of 0,2 mm were used. .............................. 37 
  
Figure 14. Experimental setup. Two 1.5 	2 plates conformed a plate-to-plate electrode 
arrangement with 1.2 m distance between plates. Notice the location of the electric 
field mill and the tested electrode. ............................................................................. 38 
Figure 15. Corona current measurement circuit. A resistive voltage divider of 1MΩ input 
impedance is connected to the operational amplifier LF353 with input impedance of 
10^12Ω. A DAQ system 6008 National Instruments acquires the voltage signal and 
transfer it to a computer. ........................................................................................... 38 
Figure 16. Positive Corona Current (lower line), the 4 kV/m measured background electric 
field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, across 
the plate during three time-intervals (upper line). In the second time-interval a 7,06 
m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 1........................... 40 
Figure 17. Positive Corona Current (lower line), the 4 kV/m measured background electric 
field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, across 
the plate during three time-intervals (upper line). In the second time-interval a 7,06 
m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 2........................... 40 
Figure 18. Positive Corona Current (lower line), the 4 kV/m measured background electric 
field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, across 
the plate during three time-intervals (upper line). In the second time-interval a 7,06 
m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 3........................... 41 
Figure 19. Positive Corona Current (lower line), the 4 kV/m measured background electric 
field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, across 
the plate during three time-intervals (upper line). In the second time-interval a 7,06 
m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 4........................... 41 
Figure 20. Positive Corona Current (lower line), the 4 kV/m measured background electric 
field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, across 
the plate during three time-intervals (upper line). In the second time-interval a 7,06 
m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 5........................... 42 
Figure 21. Positive Corona Current (lower line), the 4 kV/m measured background electric 
field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, across 
the plate during three time-intervals (upper line). In the second time-interval a 7,06 
m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 6........................... 42 
Figure 22. Negative Corona Current (upper line), the 4 kV/m measured background 
electric field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, 
across the plate during three time-intervals (lower line). In the second time-interval a 
7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval.. Measurement 1. ......................... 43 
Figure 23. Negative Corona Current (upper line), the 4 kV/m measured background 
electric field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, 
  
across the plate during three time-intervals (lower line). In the second time-interval a 
7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 2........................... 43 
Figure 24. Negative Corona Current (upper line), the 4 kV/m measured background 
electric field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, 
across the plate during three time-intervals (lower line). In the second time-interval a 
7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 3........................... 44 
Figure 25. Negative Corona Current (upper line), the 4 kV/m measured background 
electric field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, 
across the plate during three time-intervals (lower line). In the second time-interval a 
7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 4........................... 44 
Figure 26. Negative Corona Current (upper line), the 4 kV/m measured background 
electric field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, 
across the plate during three time-intervals (lower line). In the second time-interval a 
7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 5........................... 45 
Figure 27. Negative Corona Current (upper line), the 4 kV/m measured background 
electric field E (middle line) and the 5,6 kV applied voltage V, with inverted magnitude, 
across the plate during three time-intervals (lower line). In the second time-interval a 
7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. Measurement 6........................... 45 
Figure 28. Positive Corona Current (middle line), the 6,2 kV/m measured background 
electric field E (lower line) and the 8 kV applied voltage V, (with inverted magnitude), 
across the plate during three time-intervals (upper line). In the second time-interval a 
9,65 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. .................................................... 46 
Figure 29. Positive Corona Current (middle line), the 6,2 kV/m measured background 
electric field E (lower line) and the 8 kV applied voltage V, (with inverted magnitude), 
across the plate during three time-intervals (upper line). In the second time-interval a 
7,1 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. .................................................... 46 
Figure 30. Positive Corona Current (middle line), the 6,2 kV/m measured background 
electric field E (lower line) and the 8 kV applied voltage V, (with inverted magnitude), 
across the plate during three time-intervals (upper line). In the second time-interval a 
4,1 m/s air stream was applied to the Cactus-like Electrode. Notice the current 
enhancement Ico during the second time-interval. .................................................... 47 
Figure 31. Positive Corona Current (upper line), the 6,2 kV/m measured background 
electric field E (lower line) and the 8 kV applied voltage V, (with inverted magnitude), 
across the plate during three time-intervals (middle line). In the second time-interval a 
9,65 m/s air stream was applied to the single-needle electrode. Notice the current 
enhancement Ico during the second time-interval. .................................................... 47 
  
Figure 32. Positive Corona Current (middle line), the 6,2 kV/m measured background 
electric field E (lower line) and the 8 kV applied voltage V, (with inverted magnitude), 
across the plate during three time-intervals (upper line). In the second time-interval a 
7,1 m/s air stream was applied to the single-needle electrode. Notice the current 
enhancement Ico during the second time-interval. .................................................... 48 
Figure 33. Positive Corona Current (middle line), the 6,2 kV/m measured background 
electric field E (lower line) and the 8 kV applied voltage V, (with inverted magnitude), 
across the plate during three time-intervals (upper line). In the second time-interval a 
4,1 m/s air stream was applied to the single-needle electrode. Notice the current 
enhancement Ico during the second time-interval. .................................................... 48 
Figure 34. Comparison between the Positive Corona Current measured in the Cactus-like 
Electrode (lower line) and in the Single-Needle Electrode (upper line) at 6,2kV/m and 
9,65m/s. .................................................................................................................... 51 
Figure 35. Comparison between the Positive Corona Current measured in the Cactus-like 
Electrode (lower line) and a Single-Needle Electrode (upper line) at 6,2kV/m and 
7,06m/s] .................................................................................................................... 52 
Figure 36. Comparison between the positive corona current in the cactus-like electrode 
and in the single-needle electrode at 6,2kV/m and 4,07 m/s ..................................... 52 
Figure 37 Voltage for negative polarity on the cactus-like electrode. Plate set in -8kV ..... 54 
Figure 38 Detail of voltage for negative polarity on the cactus-like electrode. Plate set in -
8kV ........................................................................................................................... 55 
Figure 39 Electric field for negative polarity on the cactus-like electrode .......................... 55 
Figure 40 Detail of electric field for negative polarity on the cactus-like electrode ............ 56 
Figure 41 Cactus-like electrode under simulation conditions. Path defined by 0 < r < 0.05 
mm ........................................................................................................................... 56 
Figure 42 Electric field in the cactus-like electrode tip ...................................................... 57 
Figure 43 Single-needle electrode: A 0.7 m long, 14 mm in diameter copper rod terminated 
on a 0.1 m long and 0.2 mm in radius needle. .......................................................... 58 
Figure 44 Experimental setup. Electric field is applied to the corona electrode placed in the 
center of a plate-to-plate electrode arrangement, by two 1.24 m squared plates, 
separated 1 m Notice the location of the electric field mill and the tested corona 
electrode. .................................................................................................................. 59 
Figure 45 Corona onset test. The upper signature is the applied voltage ramp (plotted as 
positive polarity values) and the lower one is the measured corona current. ............. 60 
Figure 46 Positive corona current test under air flow. Corona current is measured in three 
time intervals. Air stream is only applied in the second time interval ......................... 61 
Figure 47 Corona onset test with no air stream. Positive Corona Current (lower signature) 
and both negative applied background Electric Field and Voltage ramp (upper 
signature, plotted as positive polarity values). ........................................................... 61 
Figure 48 Corona onset test with the air stream velocity W3 = 4m/s. Positive Corona 
Current (lower signature) and both negative applied background Electric Field and 
Voltage ramp (upper signature, plotted as positive polarity values). .......................... 62 
  
Figure 49 Corona onset test with the air stream velocity W5 = 9m/s. Positive Corona 
Current (lower signature) and both negative applied background Electric Field and 
Voltage ramp (upper signature, plotted as positive polarity values). .......................... 62 
Figure 50 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative applied background Electric Field (-5 kV/m) and Voltage 
(-5kV). (upper signature, plotted as positive polarity values). .................................... 63 
Figure 51 Positive Corona current test measured at different air stream velocities (lower 
signature) and both negative applied Voltage (-6kV) and background Electric Field (-6 
kV/m) (upper signature, plotted as positive polarity values)....................................... 63 
Figure 52 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative applied background voltage (-7kV) and Electric Field (-
7kV/m) (upper signature, plotted as positive polarity values)..................................... 64 
Figure 53 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative applied background Electric Field (-8 kV/m) and Voltage 
(-8kV) (upper signature, plotted as positive polarity values). ..................................... 64 
Figure 54 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative applied background Voltage (-9kV) and Electric Field (-9 
kV/m) (upper signature, plotted as positive polarity values)....................................... 65 
Figure 55 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative applied background Voltage (-10kV) and Electric Field (-
10 kV/m) (upper signature, plotted as positive polarity values). ................................. 65 
Figure 56 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative applied background Voltage (-11kV) and Electric Field (-
11 kV/m) (upper signature, plotted as positive polarity values). ................................. 66 
Figure 57 Positive Corona current measured at different air stream velocities (lower 
signature) and both negative Voltage (-12kV) and background Electric Field (-12kV/m) 
(upper signature, plotted as positive polarity values). ................................................ 66 
Figure 58 Corona current vs. Electric field for six different applied air stream velocities. .. 68 
Figure 59 Corona current Vs wind speed (Air stream velocities), for eight different 
background electric fields. Notice the current increase with the air strem velocity ..... 68 
Figure 60 Prediction of the corona current using E.M Bazelyan´s equation (34) .............. 70 
Figure 61 ration between measured dates and Bazelyan´s equation ............................... 71 
Figure 62 Corona equation based in Bazelyan´s equation restriction ............................... 71 
Figure 63 Comparison between the measured data with the results obtained by using both 
Bazelyan´s equations: equation (38) and the modified and proposed in this paper (39), 
for an specific wind speed of 2 m/s. .......................................................................... 72 
Figure 64 The single corona electrode and the electric field sensor installed on the top of a 
building at 21 m over the ground level. ..................................................................... 74 
Figure 65 Array of corona electrodes conformed by 5 corona electrodes. All corona 
electrodes are interconnected. Notice the weather station to measure wind speed, air 
humidity and temperature. ........................................................................................ 75 
Figure 66. View of the Corona Current Measuring System............................................... 76 
Figure 67. 24 hour record of corona current (green-continuous line) and electric field (red-
dotted line) on August 22, 2011. A thunderstorm was measured in the time interval 
  
between 16:30 and 18:30 hours.  Corona current is measured with the array of corona 
electrodes shown in Figure 65. ................................................................................. 77 
Figure 68 Detailed view of the corona current (green-continuous line) and electric field 
(red-dotted line) recorded on August 22, 2011 and shown in Figure 67. Notice that the 
time interval is circa 120 minutes. ............................................................................. 77 
Figure 69 Detailed view  of the corona current (green-continuous line) and electric field 
(red-dotted line) recorded on August 22, 2011 and shown in Figure 67 and 68. Notice 
that the time interval is circa 18 minutes. .................................................................. 78 
Figure 70 Detailed view of the corona current (green-continuous line) and electric field 
(red-dotted line) recorded on August 4, 2011. Notice the presence of interval is circa 
42 minutes and the smooth variation of the electric field compared with the fast 
variation of the corona current probably due to the wind. .......................................... 78 
Figure 71. 3 hours test of the measuring system according to the experimental procedure 
explicated in section 3.1.3.2. ..................................................................................... 79 
Figure 72. Detail of the experimental procedure  shown in Figure 7. Notice that after a long 
test time, there is not a delay between the electric field (blue line) and the corona 
current (green line). .................................................................................................. 79 
Figure 73. Tested corona electrode: a) A 0.7 m in length, 14 mm in diameter cooper rod. b) 
Detail of the needle placed at the tip of the cooper rod. c) View of the complete corona 
electrode ................................................................................................................... 80 
Figure 74. Experimental setup 1. Two 1.5 m2 plates conformed a plate-to-plate electrode 
arrangement with 1 m distance between plates. Notice the location of the electric field 
mill and the tested electrode. The corona space charge removed by the crossed air 
stream does not influence the electric field measurement. ........................................ 81 
Figure 75. Experimental setup 2. Two 1.5 m2 plates conformed a plate-to-plate electrode 
arrangement with 1 m distance between plates. Notice the location of the electric field 
mill and the tested electrode. The corona space charge removed by the crossed air 
stream influences the electric field measurement. ..................................................... 81 
Figure 76 Three time intervals of the corona current measurement test with different air 
velocities. The upper line (dashed line) is the applied voltage (electric field) and the 
lower continuous line is the measured corona current............................................... 82 
Figure 77 Positive corona current test for different air velocities (lower line) and -8 kV/m 
background Electric Field and Voltage -8kV (plotted as positive polarity values) 
applied across the plate-to-plate electrode arrangement during the experiment (upper 
line) ........................................................................................................................... 83 
Figure 78 Positive corona current test for different air velocities (lower line) and -12 kV/m 
background Electric Field and Voltage -12kV (plotted as positive polarity values) 
applied across the plate-to-plate electrode arrangement during the experiment (upper 
line). 0 is the background electric field without wind.  is the background electric 
field with wind applied. 0 is the corona current without wind.  is corona current with 
wind applied.  is the voltage applied across the plate-to-plate arrangement............ 83 
Figure 79 Positive corona current test for different air velocities (lower line) and -8 kV/m 
background Electric Field and Voltage -8kV (plotted as positive polarity values) 
applied across the plate-to-plate arrengement during the experiment (upper line) .... 84 
  
Figure 80 Positive corona current test for different air velocities (lower line) and -12 kV/m 
background Electric Field and Voltage -12kV (plotted as positive polarity values) 
applied across the plate-to-plate electrode arrangement during the experiment (upper 
line). 0 is the background electric field without wind.  is the background electric 
field with wind applied. 0 is the corona current without wind.  is corona current with 
wind applied.  is the voltage applied across the plate-to-plate arrangement............ 84 
Figure 81. Block diagram for the measuring system......................................................... 87 
Figure 82. Detail of the measured data in a thunderstorm on July 29, 2011. The signature 
in red color is the electric field and the green one is the corona current. The 
thunderstorm occurred in early morning hours. The corona current corresponds to the 
single corona electrode shown in Figure 64. ............................................................. 88 
Figure 83. Thunderstorm on July 29. 2011. The red line is the electric field and the green 
one is the corona current measured in the single corona electrode shown in Figure 64.
 ................................................................................................................................. 88 
Figure 84. Thunderstorm on July 29, 2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ................................................................................................................. 89 
Figure 85. Thunderstorm on July 29, 2011. The magenta line is the ambient temperature 
and the green line is the corona current measured in the single corona electrode 
shown in Figure 64. .................................................................................................. 89 
Figure 86. Thunderstorm on July 29, 2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64. ................................................................................................................. 90 
Figure 87. Thunderstorm on July 29, 2011. Measurements were normalized to compare 
the behavior of each atmospheric variable with the corona current measured in the 
single corona electrode shown in Figure 64, during the thunderstorm. ...................... 90 
Figure 88 Thunderstorm on July 30 ................................................................................. 93 
Figure 89 Voltage cloud calculated from measurements on July 30 ................................. 93 
Figure 90 Cloud voltage distribution for 600m over the ground (V)................................... 94 
Figure 91 Capacitive divider circuit for express the voltage for a specific point over the 
ground level between the ground and the cloud ........................................................ 95 
Figure 92 Schematic for to represent a corona electrode 40m over the ground with 
capacitive couplet through the corona impedance .................................................... 96 
Figure 93 Results for measurements presented in section 2.3.5.2 and Figure 58 for 
different wind velocities and voltage calculated with capacitive divider of the schematic 
in Figure 91 ............................................................................................................... 97 
Figure 94 Behavior of the corona impedance from measurements presented in section 
2.3.5.2 and Figure 58 for different wind velocities with corona current measured ...... 97 
Figure 95 Behavior of the corona impedance calculated from measurements presented in 
section 2.3.5.2 for different wind velocities and Figure 58 with the voltage calculated 
with capacitive divider of the schematic in Figure 91 ................................................. 98 
Figure 96 Corona Tower for raise the corona electrode 40 over the ground level and the 
parts for lighting protection and storage energy ........................................................ 98 
Figure 97 Lightning  NTC 4552-1 ..................................................................................... 99 
  
Figure 98 Behavior of the electric field onset for different radius of the corona electrode tip 
calculated with the equations 27, 28 and 32. .......................................................... 100 
Figure 99 Dissipation of the lightning discharge in a corona tower. Notice that the most of 
the current go to ground .......................................................................................... 101 
Figure 100 Solution to the expression 2 . Notice that the total value for the integral is 
10  107 2 ........................................................................................................ 102 
Figure 101 Current spectrum of the current signal lightning presented in the standard NTC 
4552 ....................................................................................................................... 105 
Figure 102 Temperature increase for inner conductor.................................................... 106 
Figure 103. The Arrangement of the problem to resolve the mutual Inductance of Coaxial 
Setup. In black, the inner conductor. In red, the steel shield. .................................. 111 
Figure 104 Air discharge for the working voltage 12.2 kV. Notice the magnitude of the 
electric field between the electrodes ....................................................................... 112 
Figure 105 Detail of the inductance showed in Figure 96 ............................................... 112 
Figure 106 The figure presents the  for a current signal lightning. Notice that the 
maximum value is 	  2.83  1010 / .................................................... 113 
Figure 107 The figure presents the  for a current signal lightning. Notice that the 
maximum value is 	  14.4  108 / ...................................................... 114 
Figure 108 A) and B) show the construction and assembly a module of capacitors. C) 
show a voltage discharge to protect the capacitors when they reach their maximum 
voltage tolerance. D) show a module of capacitors installed and connected to the 
bank of capacitors. .................................................................................................. 115 
Figure 109 A) show an acquisition system data for measuring the voltage in the bank of 
capacitors. B) Show a complete assembly of the bank of capacitors. C) Show the 
input to the system where the corona current source is connected. D) Show the 
complete system constructed and assembly. .......................................................... 115 
Figure 110 Circuit test for measuring the capacitor resistance Rc .................................. 116 
Figure 111 Energy measuring system ............................................................................ 117 
Figure 112 Distribution of electric potential for different heights of buildings. A) Building 
with width=20m and heinght=20m. B) Building with width=20m and heinght=40m. A) 
Building with width=20m and heinght=50m. A) Building with width=20m and 
heinght=60m. .......................................................................................................... 118 
Figure 113 Distribution of electric potential for different heights of buildings. A) Building 
with width=20m and heinght=70m. B) Building with width=20m and heinght=80m. A) 
Building with width=20m and heinght=90m. A) Building with width=20m and 
heinght=100m. ........................................................................................................ 119 
Figure 114 Distribution of electric potential in the highest building in the city ................. 119 
Figure 115 Dimensions of a Corona Tower installed over a building. A) Dimensions of the 
place. B) Height of the corona tower. C) Height of the building and D) Complete view 
of the installation ..................................................................................................... 120 
Figure 116 Design of the surge protection ..................................................................... 121 
Figure 117 Possible edification for installing the Corona Tower ..................................... 121 
Figure 118 Possible edification for installing the Corona Tower ..................................... 122 
  
Figure 119 The upper figure is the instantaneous energy stored in a capacitor charged with 
Corona Current in thunderstorm conditions. Bogota Colombia December 8, 2011.  
The down figure is the total energy stored in a capacitor charged with Corona Current 
in thunderstorm conditions. Bogota Colombia December 8, 2011. .......................... 123 
Figure 120 The upper figure is the instantaneous energy stored in a capacitor charged with 
Corona Current in thunderstorm conditions. Bogota Colombia December 9, 2011.  
The down figure is the total energy stored in a capacitor charged with Corona Current 
in thunderstorm conditions. Bogota Colombia December 9, 2011. .......................... 124 
Figure 121 The Thevenin equivalent circuit for the model proposed in Figure 92 and 
section 4.1 .............................................................................................................. 125 
Figure 122 The upper figure is the instantaneous energy stored in a capacitor charged with 
Corona Current in thunderstorm conditions. Bogota Colombia April 10, 2011. ........ 126 
Figure 123 The upper figure is the instantaneous energy stored in a capacitor charged with 
Corona Current in thunderstorm conditions. Bogota Colombia December 8, 2011.  
The down figure is the total energy stored in a capacitor charged with Corona Current 
in thunderstorm conditions. Bogota Colombia April 10, 2012. ................................. 126 
Figure 124 Module of 10 corona towers ......................................................................... 127 
Figure 125 Plant for power generation from atmospheric energy ................................... 127 
Figure 126. Bogotá's Cloud Altitude Trend ..................................................................... 130 
Figure 127 Thunderstorm on July 29. 2011. The red line is the electric field and the green 
one is the corona current measured in the single corona electrode shown in Figure 64
 ............................................................................................................................... 137 
Figure 128 Thunderstorm on July 29, 2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 137 
Figure 129 Thunderstorm on July 29, 2011. The magenta line is the ambient temperature 
and the green line is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 137 
Figure 130 Thunderstorm on July 29, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 137 
Figure 131 Detail of thunderstorm on July 29. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 138 
Figure 132 Detail of thunderstorm on July 29, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 138 
Figure 133 Detail of thunderstorm on July 29, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 138 
Figure 134 Detail of thunderstorm on July 29, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 138 
  
Figure 135 Thunderstorm on July 29, 2011. Measurements were normalized to compare 
the behavior of each atmospheric variable with the corona current measured in the 
single corona electrode shown in Figure 64., during the thunderstorm. ................... 139 
Figure 136 Thunderstorm on July 30. 2011. The red line is the electric field and the green 
one is the corona current measured in the single corona electrode shown in Figure 64
 ............................................................................................................................... 139 
Figure 137 Thunderstorm on July 30, 2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 139 
Figure 138 Thunderstorm on July 30, 2011. The magenta line is the ambient temperature 
and the green line is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 140 
Figure 139 Thunderstorm on July 30, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 140 
Figure 140 Detail of thunderstorm on July 30. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 140 
Figure 141 Detail of thunderstorm on July 30, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 140 
Figure 142 Detail of thunderstorm on July 30, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 141 
Figure 143 Detail of thunderstorm on July 30, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 141 
Figure 144 Detail of thunderstorm on July 30. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 141 
Figure 145 Detail of thunderstorm on July 30. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 141 
Figure 146 Detail of thunderstorm on July 30. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 142 
Figure 147 Thunderstorm on July 30, 2011. Measurements were normalized to compare 
the behavior of each atmospheric variable with the corona current measured in the 
single corona electrode shown in Figure 64., during the thunderstorm. ................... 142 
Figure 148 Thunderstorm on July 31. 2011. The red line is the electric field and the green 
one is the corona current measured in the single corona electrode shown in Figure 64
 ............................................................................................................................... 142 
  
Figure 149 Detail of thunderstorm on July 31. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 142 
Figure 150 Thunderstorm on July 31, 2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 143 
Figure 151 Thunderstorm on July 31, 2011. The magenta line is the ambient temperature 
and the green line is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 143 
Figure 152 Detail of thunderstorm on July 31, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 143 
Figure 153 Thunderstorm on July 31, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 143 
Figure 154 Detail of thunderstorm on July 31, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 144 
Figure 155 Thunderstorm on July 31, 2011. Measurements were normalized to compare 
the behavior of each atmospheric variable with the corona current measured in the 
single corona electrode shown in Figure 64, during the thunderstorm. .................... 144 
Figure 156 Thunderstorm on August 01. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 144 
Figure 157 Thunderstorm on August 01, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 144 
Figure 158 Thunderstorm on August 01, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 145 
Figure 159 Thunderstorm on August 01, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 145 
Figure 160 Detail of thunderstorm on August 01. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 145 
Figure 161 Detail thunderstorm on August 01, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 145 
Figure 162 Detail of thunderstorm on August 01, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 146 
  
Figure 163 Detail of thunderstorm on August 01, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 146 
Figure 164 Thunderstorm on August 01, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 146 
Figure 165 Thunderstorm on August 02. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 146 
Figure 166 Detail of thunderstorm on August 02. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 147 
Figure 167 Thunderstorm on August 02, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 147 
Figure 168 Detail of thunderstorm on August 02, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 147 
Figure 169 Thunderstorm on August 02, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 147 
Figure 170 Detail of thunderstorm on August 02, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 148 
Figure 171 Thunderstorm on August 02, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 148 
Figure 172 Detail of thunderstorm on August 02, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 148 
Figure 173 Thunderstorm on August 02, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 148 
Figure 174 Thunderstorm on August 03. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 149 
Figure 175 Detail of thunderstorm on August 03. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 149 
Figure 176 Thunderstorm on August 03, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 149 
  
Figure 177 Detail of thunderstorm on August 03, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 149 
Figure 178 Thunderstorm on August 03, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 150 
Figure 179 Detail of thunderstorm on August 03, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 150 
Figure 180 Thunderstorm on August 03, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 150 
Figure 181 Detail of thunderstorm on August 03, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 150 
Figure 182 Thunderstorm on August 03, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 151 
Figure 183 Thunderstorm on August 04. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 151 
Figure 184 Detail of thunderstorm on August 04. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 151 
Figure 185 Thunderstorm on August 04, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 151 
Figure 186 Detail of thunderstorm on August 04, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 152 
Figure 187 Thunderstorm on August 04, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 152 
Figure 188 Detail of thunderstorm on August 04, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 152 
Figure 189 Thunderstorm on August 04, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 152 
Figure 190 Detail of thunderstorm on August 04, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 153 
  
Figure 191 Thunderstorm on August 04, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 153 
Figure 192 Thunderstorm on August 07. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 153 
Figure 193 Detail of thunderstorm on August 07. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 153 
Figure 194 Thunderstorm on August 07, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 154 
Figure 195 Detail of thunderstorm on August 07, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 154 
Figure 196 Thunderstorm on August 07, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 154 
Figure 197 Detail of thunderstorm on August 07, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 154 
Figure 198 Thunderstorm on August 07, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 155 
Figure 199 Detail of thunderstorm on August 07, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 155 
Figure 200 Thunderstorm on August 07, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 155 
Figure 201 Thunderstorm on August 18. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 155 
Figure 202 Detail of thunderstorm on August 18. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 156 
Figure 203 Thunderstorm on August 18, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 156 
Figure 204 Detail of thunderstorm on August 18, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 156 
  
Figure 205 Thunderstorm on August 18, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 156 
Figure 206 Detail of thunderstorm on August 18, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 157 
Figure 207 Thunderstorm on August 18, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 157 
Figure 208 Detail of thunderstorm on August 18, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 157 
Figure 209 Thunderstorm on August 18, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 157 
Figure 210 Thunderstorm on August 19. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 158 
Figure 211 Detail of thunderstorm on August 19. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64 ................................................................................................................ 158 
Figure 212 Thunderstorm on August 19, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 64 ................................................................................................. 158 
Figure 213 Detail of thunderstorm on August 19, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 158 
Figure 214 Thunderstorm on August 19, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 159 
Figure 215 Detail of thunderstorm on August 19, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 64 .................................................................................. 159 
Figure 216 Thunderstorm on August 19, 2011. The blue line is the relative air humidity and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 64. ............................................................................................................... 159 
Figure 217 Detail of thunderstorm on August 19, 2011. The blue line is the relative air 
humidity and the green one is the corona current measured in the single corona 
electrode shown in Figure 64. ................................................................................. 159 
Figure 218 Thunderstorm on August 19, 2011. Measurements were normalized to 
compare the behavior of each atmospheric variable with the corona current measured 
in the single corona electrode shown in Figure 64., during the thunderstorm. ......... 160 
  
Figure 219 Thunderstorm on August 22. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 66 ................................................................................................................ 160 
Figure 220 Detail of thunderstorm on August 22. 2011. The red line is the electric field and 
the green one is the corona current measured in the single corona electrode shown in 
Figure 66 ................................................................................................................ 160 
Figure 221 Thunderstorm on August 22, 2011. The black line is the atmospheric pressure 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 66 ................................................................................................. 160 
Figure 222 Detail of thunderstorm on August 22, 2011. The black line is the atmospheric 
pressure and the green one is the corona current measured in the single corona 
electrode shown in Figure 66 .................................................................................. 161 
Figure 223 Thunderstorm on September 07. 2011. The red line is the electric field and the 
green one is the corona current measured in the single corona electrode shown in 
Figure 66 ................................................................................................................ 161 
Figure 224 Thunderstorm on September 07, 2011. The magenta line is the ambient 
temperature and the green line is the corona current measured in the single corona 
electrode shown in Figure 66 .................................................................................. 161 
Figure 225 Thunderstorm on September 07, 2011. The blue line is the relative air humidity 
and the green one is the corona current measured in the single corona electrode 
shown in Figure 66. ................................................................................................ 161 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sistema para la captura de energía proveniente de nubes de tormenta 
 
 
 
1 CHAPTER 1: INTRODUCTION 
This thesis work presents the requirements and criteria for design and constructs the first 
SYSTEM FOR POWER GENERATION AND STORAGE OF ATMOSPHERIC ELECTRICITY 
based on the phenomenon of the corona current. All experiments and criteria were realized for the 
atmospheric conditions of Bogota-Colombia. The thesis work was performed under the hypothesis 
that a corona source composed by a corona electrode immersed down a natural electric field on 
thunderstorm conditions can provides an important corona current that can charge energy storage 
elements. 
 
Before design the system for power generation and storage of atmospheric electricity, the physics 
of the corona current was studied collecting previous works of the great authors at the beginning of 
the century XX as Peek (1920), Large and Pierce (1956), Rao and Bhattacharya (1966), Chapman 
(1970), Nasser (1971), Raizer (1987), at the end of century XX and beginning of century XI 
Cooray, Risk, Roman, Becerra, D’Alessandro, Arevalo, the works realized by the Electromagnetic 
Compatibility Research Group of the Universidad Nacional de Colombia EMC-UNC, and others. 
This thesis work presents laboratory experiments, results and models and simulations for describing 
the physics of the corona current. 
 
 A measuring system of corona current was constructed and electric field sensor and professional 
weather station were implemented. With the measuring systems, 22 thunderstorms in Bogota-
Colombia were registered. Using the 22 thunderstorms registered an algorithm prediction for 
thunderstorms was proposed, additional, with the results an analysis of the behavior of the corona 
current, electric field, pressure, temperature, humidity and wind speed were realized under 
thunderstorm conditions. 
 
Finally, the thesis work presents a complete description and design for constructing a corona 
tower for storage of atmospheric electricity and the recommendations for built a plant for power 
generation using corona towers. 
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2 CHAPTER 2: PHYSICS OF THE CORONA DISCHARGE PHENOMENON 
According with the references [1-7], the corona phenomenon is present when a high voltage is 
applied to a corona electrode, when the voltage applied reaches a critical value an “Onset 
Streamer” can propagate into interelectrode space gap. If the high voltage applied generates the 
electric field necessary for producing the necessary force for removing an electron from the 
cathode, them the electron begins to move through the gas in direction to the anode generating an 
electron avalanche. The electron avalanche generates an accumulation of positive ions near to the 
anode generating a positive ion density, in the same way, the increase of electron avalanches 
produce an accumulation of negative ions.  
In references [5, 6] the corona continuity equations are presented and the criteria for deducing 
the corona continuity equations from Maxwell Equations are presented then: 
According to [7], when electrical charges with density  at a point in space 
and it has a drift velocity  in that point, each differential velocity  associated to the charge 
density  expresses a current density for any point in space. 
 ( 1) 
If at the same time two or many charge densities coexist like electrons, positive and negative 
ions the total current density is expressed as: 
 (2) 
The equation (2) can be expressed for general charge densities as: 
 
(3) 
The total current flux through a surface in going to be given by expression (4): 
 
(4) 
On the other hand, the net charge in a volume  can be expressed by (5): 
 
(5) 
The current flux though the surface that closes the volume  with outward direction is: 
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(6) 
From equation (4) and equation (6) the next relationship is given as: 
 
(7) 
by the divergence theorem and the expression (7)  the equation (8) is deducted and know as 
continuity equation: 
 
(8) 
The charge concentration additionally changes due to charge diffusion in a gas, in this case air. 
If a specific volume is assume the charge in number per unit volume per second, that is, the rate of 
change of particles density is:  
 
(9) 
The equation (9) can be expressed as: 
 
(10) 
Where D is the charges diffusion coefficient. 
The possible changes of charge density are determinate by different sources. At the first is the 
ionizing process which is quantified by α know as the first ionization coefficient and it depends of 
the electric field levels. The attachment process is a mechanism in which electrons are removed, 
generating negative ions when an electron is attached to neutral particle, it is quantified by the 
attachment coefficient η. The recombination process is other mechanism in which positive and 
negative particles are recombined generating neutral particles, it is quantified by the recombination 
coefficient β. On the other hand the charge density can change too in the time due the phenomenon 
expressed in equations (8) and (9). These physical phenomenon are taken into account to describes 
the corona current process through continuity equations for the electrons, positive and negative 
ions. 
According with the last explication, the positive corona continuity equations are presented 
finally in section 2.1.1 Theoretical Model for realizing a numerical simulation of positive corona in 
a point-to-plane arrangement  
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2.1 Positive corona current simulation in a point-to-plane arrangement using finite 
difference method 
The Universidad Nacional de Colombia EMC-Group (EMC-UNC group) has studied the corona 
current in configurations such as point-to-plane and cylindrical arrangements, see [6] and [8]. The 
objective of the present research work is to solve both, the continuity and Poisson´s equations, 
which describe the corona current evolution in a point-to-plane configuration, by using the finite 
difference method. Additionally, the wind effect on the corona discharge is added to the numerical 
model in order to compare the calculated results with previously obtained results under laboratory 
conditions [8]. The study of corona current in a point-to-plane arrangement provides the necessary 
information to understand the lightning attachment process to ground-based objects to improve the 
lightning protection practices, as is mentioned in [9]. Additionally the EMC-UNC group is studying 
and understanding the corona current process during thunderstorms, in order to develop a lightning 
warning system based on corona current measurements. 
2.1.1 Theoretical model  
The reference [5, 6, 10-13] describes the equations for positive corona continuity equations for 
the electrons, positive and negative ions.  
 
(11) 
 
 
(12) 
 
 
(13) 
 
Where t is the time, x and y are space dimensions ,  and  are electron and positive and 
negative ions; ,  and  are the electron, positive and negative ions drift velocities. The 
symbols α, η, β and D are the ionizing, attachment, recombination and electronic diffusion 
coefficients, respectively. 
The solved Poisson´s equation is presented in equation (14): 
 (14) 
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where ε is the electric constant, e is the electron charge and ϕ in the voltage. 
The electric field E is give by equation (15). 
 (15) 
 
 
 (16) 
 
The equation (16) is the Laplace´s equation 
2.1.2 Parameters for the positive corona current 
 First ionization coefficient 
α is the first ionization coefficient and N is the neutral gas density and E the electric field: 
 
(17) 
Equation (17) for condition:  
 
(18) 
Equation (18) for condition:  
 Attachment coefficient 
The attachment coefficient η and p is the gas pressure: 
 
(19) 
 Recombination coefficient 
The recombination coefficient β: 
 
(20) 
 Electrons drift velocities 
The electrons drift velocities  are: 
 
(21) 
Equation (21) for the condition:   
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(22) 
Equation (22) for the condition:  
 
(23) 
Equation (23) for the condition:   
 Negative ions Drift velocities 
The negative ions Drift velocities  are: 
 
(24) 
Equation (24) for the condition:  
 
(25) 
Equation (25) for the condition:  
 Positive ions drift velocities 
The positive ions drift velocities are: 
 
(26) 
Where , is the ratio between atmospheric and gas pressure. 
2.1.3 Boundary conditions 
The present work is a continuation of a previous work presented in [8], where a corona discharge 
in a point-to-plane arrangement under the wind influence was studied. The experimental setup to be 
simulated is presented in Figure 1 and 2. 
 
Figure 1 Corona Electrode. 0.7 m length, 14 mm diameter and spearhead termination copper rod with a needle 
in the rod tip with 0.1 m in length and radius 0.2mm. 
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Figure 2 Experimental setup. Two 1.5 m
2
 plates conformed a plate-to-plate electrode arrangement with 1.5 m 
distance between plates. Notice the location of the electric field mill and the tested electrode. The corona 
space charge removed by the air stream cross influences the electric field meter. 
A specific code to simulate a point-to-plane arrangement in 2D is implemented using Matlab, see 
Figure 3.  
 
 
Figure 3 Boundary conditions for the corona simulation. The upper plane is the high voltage electrode set 
with 8kV and the corona electrode and the contour in red color is set with 0kV (ground). 
2.1.4 Initial conditions 
To calculate the electric potential distribution with the boundaries established in Figure 3, the 
Laplace´s equation (Equation (16)) was solved and the relaxation method was implemented, see 
Figure 4. 
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Figure 4 Distribution of the electric potential in the point-to-plane arrangement. The upper plane is set to 8kV 
and results are shown in logarithmic base 10 scale. 
 
After calculating the distribution of electric potential, the electric field is calculated using equation (15), see 
Figure 5. 
 
Figure 5 Magnitude of electric field, the upper plane is set to 8kV and the results are shown in logarithmic 
base 10 scale. 
 
 
After calculating the electric field distribution the ionization coefficient α, attachment coefficient 
η, recombination coefficient β, drift velocities for the electrons, positive and negative 
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ions , and  where calculated according with section 2.1.1. 
 
As an initial condition in the interelectrode gap-space, a Gaussian distribution of electrons, 
positive and negative ions density, ,  and is assumed. 
2.1.5 Results  
Figures 6 to 8 show the density distribution of electrons, positive and negative ions around the 
corona electrode tip into the interectrode gap-space, calculated at 40ns. 
 
Figure 6 Electrons density distribution at t=40ns. The color scale is logarithmic base 10 scale 
 
Figure 7 Positive ion density distribution at t=40ns. The scale in color is logarithmic base 10 scale 
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Figure 8 Negative ion density distribution at t=40ns. The scale in color is logarithmic base 10 scale 
 
The Figure 9 to 11 present the density evolution inside the interelectrode space gap for electrons, 
positive and negative ions in the time range: . 
To compare the growth of electron, positive and negative ions density as a function of time, their 
magnitudes were normalized. The normalization constants are given in Tables I, II and III. 
 
Figure 9 Evolution of the electron density for the time range inside of the interelectrode 
gap-space. 
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Table I: Normalization constants for electron density as a function of time 
t (ns) Constant 
10 3.761  
20 1.331  
30 4.639  
40 1.331  
 
 
Figure 10 Evolution of the Positive ion density for the time range inside of the 
interelectrode gap-space. 
 
Table II: Normalization constants for Positive Ions density as a function of time 
t (ns) Constant 
10 262.03 
20 301.92 
30 357.74 
40 434.69 
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Figure 11 Evolution of the negative ion density for the time range inside of the 
interelectrode space gap. 
Table III: Normalization constants for Negative Ions density as a function of time 
t (ns) Constant 
10 256.86 
20 287.32 
30 328.81 
40 417.48 
 
To study the influence of a wind stream on the generation of electrons, positive and negative ions, 
an air flow was included in the calculation. Once the electron, positive and negative ions density is 
calculated, a wind velocity is applied in the direction of the X axis , see Figure 12, to remove the 
space charge from the interelectrode gap-space. 
 
Figure 12 Wind speed applied to the interelectrode gap space. Notice the direction of the wind speed. The 
wind speed is applied in a laminar form. 
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In comparison with Tables I, II and III, in Tables IV, V and VI are given the constants to 
calculate the magnitude of electrons, positive and negative ions density under the presence of a 
wind stream. 
 
Table IV: Normalization constants for electron density as a function of time 
t (ns) Constant 
10 3.761  
20 1.331  
30 4.639  
40 1.331  
 
Table V: Normalization constants for Positive Ions density as a function of time 
t (ns) Constant 
10 262.14 
20 302.21 
30 358.31 
40 435.70 
 
Table VI: Normalization constants for Negative Ionsdensityas a function of time 
t (ns) Constant 
10 256.75 
20 287.05 
30 328.30 
40 416.61 
 
2.1.6 Conclusions of the section 2.1 
The electron, positive and negative ion densities increase as a function of time inside of the interelectrode 
gap space. 
The influence of the wind in the corona discharge process can be successfully calculated using both 
continuity and Poisson´s equations.  
From the calculations performed using the finite difference method, it can be concluded that after applying 
a wind stream in the X axis direction, the electron density remains constant, while the positive ions density 
increases and the negative ion density decreases. 
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2.2 Corona electrodes 
 
In this part a working hypothesis was proposed: If an air stream can remove the corona space 
charge close to a corona source, then the corona current is modified in a different manner in 
different types of corona electrodes. This phenomenon must be polarity dependent. To test this 
hypothesis two types of corona electrodes were tested: a cactus-like and a single-needle electrode 
under a natural-like electric field of both polarities. Both corona current sources were tested inside 
of a shielded room to avoid high frequency interference produced by external HF sources and were 
immersed in a constant DC electric field of both polarities, while the corona current and the 
background electric field were measured. In a plate-to-plate electrode arrangement a DC voltage 
was applied to the tested electrodes during 3 subsequent 30 s time intervals. In the second time 
interval a 7,06 m/s air stream was applied to the measured electrode, while in the first and third ones 
the air was calm. Results show that the measured corona current is larger in the presence of a 
current stream and in some specific cases of air flow velocity and background electric field, the 
measured current is larger in the single-needle electrode. Those results are polarity dependent. 
 
2.2.1 Corona current in a cactus-like electrode under natural-like electric field: comparison 
with a single-needle electrode 
In recent years, the EMC-Group at the National University of Colombia (EMC-UNC) has studied 
the corona current in different types of electrodes at atmospheric conditions [8, 14]. 
Present work compares the corona current produced in a cactus-like electrode (see Figure 13) and 
on a single-needle electrode at the environmental conditions of Bogota, Colombia. A working 
hypothesis was proposed: If an air stream can remove the corona space charge close to a corona 
source, then the corona current is modified in a different manner in different types of corona 
electrodes. This phenomenon must be polarity dependent. To test this hypothesis two types of 
corona electrodes were tested: a cactus-like and a single-needle electrode under a natural-like 
electric field of both polarities. Both corona current sources were tested inside of a shielded room to 
avoid high frequency interference produced by external HF sources and were immersed in a 
constant DC electric field of both polarities, while the corona current and the background electric 
field were measured. In a plate-to-plate electrode arrangement a DC voltage was applied to the 
tested electrodes during 3 subsequent 30 s time intervals. In the second time interval a 7,02 m/s air 
stream was applied to the measured electrode, while in the first and third ones the air was calm. In 
order to avoid the presence of electromagnetic noise that may affect the measurements, experiments 
were performed inside of a shielded room. 
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2.2.1.1 Tested electrodes  
The cactus-like electrode was constructed with a 1 m length, 14 mm diameter and spearhead 
terminated copper rod with a needle in the rod tip. 101 needles, 0,1 m in length, 0,4 mm in diameter 
and tip radius of 0,2 mm were placed as it is shown in Figure 13 (a), (b), (d), (e) and (f). 
To compare the corona current measured in the cactus-like electrode, a reference experiment with 
a single needle cooper electrode was performed. The latter was an electrode of the same length of 
the former one, but just with a needle at the tip of the cooper rod.  
 
 
Figure 13. Cactus-like electrode constructed with a 1 m length, 14 mm diameter and spearhead termination 
copper rod with a needle in the rod tip. 101 needles, 0,1 m in length, 0,4 mm in diameter and tip radius of 0,2 
mm were used. 
2.2.1.2 Experimental setup 
The experimental setup is shown in Figure 14. Both electrodes were alternatirely placed at the 
plate-to-plate electrode center.  
Two 1.2 m x 1.2 m square plates were placed at a distance of 1.2 m forming a plate-to-plate 
electrode arrangement. An Hipotronics 20 kV DC voltage source was used to apply three voltage 
levels to the electrode arrangement: 5.6, 8 and 15 kV. The applied voltage was measured with a 
compensated resistive voltage-divider and the voltage signal was captured with a 6000 series 
Agilent oscilloscope. Electric field was measured with EFM-100 Electric Field Monitor Boltek, 
placed as it is indicated in Figure 14 to avoid electric field measuring errors. 
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Figure 14. Experimental setup. Two 1.5  plates conformed a plate-to-plate electrode arrangement with 1.2 
m distance between plates. Notice the location of the electric field mill and the tested electrode. 
Figure 15 show the corona current measuring circuit, composed by a resistive voltage divider of 
1MΩ input impedance, which is connected to the operational amplifier LF353 with input 
impedance of Ω. A DAQ system 6008 National Instruments acquires the voltage signal and 
transfer it to a computer. 
 
Figure 15. Corona current measurement circuit. A resistive voltage divider of 1MΩ input impedance is 
connected to the operational amplifier LF353 with input impedance of 10^
12Ω. A DAQ system 6008 National 
Instruments acquires the voltage signal and transfer it to a computer. 
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2.2.1.3 Experimental procedure 
12 corona current measurements, 6 for positive and 6 for negative polarity were performed. 
Figures 16–21 and 22–27 show the respective results for positive and negative polarity.  
After a voltage increase from zero to 100% in 20s, it remained constant for 90s, before its abrupt 
disconnection. This 90s time interval was divided in three 30s intervals as follows: 
 
 In the so called First time-interval the air in the interelectrode gap space was calm. 
 In the so called Second time- interval an air stream of circa 7 m/s was blown up into the 
interelectrode gap space  
 In the so called Third time- interval, the air was calm in the interelectrode gap space. 
During these three time-intervals corona current was measured. 
2.2.1.4 Experimental results 
Three different tests were performed to measure the corona current transition from calm air to air 
in movement in the corona electrodes: 
 Positive polarity corona current test 
 Negative polarity corona current test 
 Positive polarity corona current test with both electrodes 
 
The positive and negative polarity tests were performed in the cactus-like electrode. In these tests, 
5.6 kV were applied across to plates while the air stream was fixed in 7.06 m/s. In the Positive 
polarity corona current test with both electrodes, both the air stream velocity and the applied voltage 
across the plates were changed. 
2.2.1.4.1 Positive corona current test 
In Figures 16-21, the applied voltage was negative to obtain positive corona current in the corona 
electrodes. However, in order to plot in the same axes corona current, electric field and voltage, the 
polarity of the later was inverted.  
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Figure 16. Positive Corona Current (lower line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (upper line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 1. 
 
Figure 17. Positive Corona Current (lower line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (upper line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 2. 
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Figure 18. Positive Corona Current (lower line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (upper line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 3. 
 
Figure 19. Positive Corona Current (lower line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (upper line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 4. 
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Figure 20. Positive Corona Current (lower line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (upper line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 5. 
 
Figure 21. Positive Corona Current (lower line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (upper line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 6. 
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2.2.1.4.2 Negative Corona current test 
In Figures 22-27, the applied voltage was positive to obtain positive corona current in the corona 
electrodes. However, in order to plot in the same axes corona current, electric field and voltage, the 
polarity of the later was inverted.   
 
Figure 22. Negative Corona Current (upper line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (lower line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval.. Measurement 1. 
 
Figure 23. Negative Corona Current (upper line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (lower line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 2. 
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Figure 24. Negative Corona Current (upper line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (lower line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 3. 
 
Figure 25. Negative Corona Current (upper line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (lower line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 4. 
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Figure 26. Negative Corona Current (upper line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (lower line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 5. 
 
 
Figure 27. Negative Corona Current (upper line), the 4 kV/m measured background electric field E (middle line) and the 
5,6 kV applied voltage V, with inverted magnitude, across the plate during three time-intervals (lower line). In the second 
time-interval a 7,06 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval. Measurement 6. 
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2.2.1.4.3 Positive polarity corona current test with both electrodes 
Positive corona current produced by a cactus-like and single-needle electrode when 8 kV were 
applied across the plates in Figure 14 and in the presence of 4.1, 7.1 and 9.7 m/s air streams, were 
compared. Results are shown in Figure 28-33. 
2.2.1.4.3.1 Positive corona current test in the cactus-like electrode with different air flow 
magnitudes  
 
Figure 28. Positive Corona Current (middle line), the 6,2 kV/m measured background electric field E (lower line) and the 
8 kV applied voltage V, (with inverted magnitude), across the plate during three time-intervals (upper line). In the second 
time-interval a 9,65 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during 
the second time-interval.  
 
Figure 29. Positive Corona Current (middle line), the 6,2 kV/m measured background electric field E (lower line) and the 
8 kV applied voltage V, (with inverted magnitude), across the plate during three time-intervals (upper line). In the second 
time-interval a 7,1 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during the 
second time-interval.  
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Figure 30. Positive Corona Current (middle line), the 6,2 kV/m measured background electric field E (lower line) and the 
8 kV applied voltage V, (with inverted magnitude), across the plate during three time-intervals (upper line). In the second 
time-interval a 4,1 m/s air stream was applied to the Cactus-like Electrode. Notice the current enhancement Ico during the 
second time-interval.  
2.2.1.4.3.2 Positive corona current test in the single-needle electrode with different air flow 
magnitudes  
 
Figure 31. Positive Corona Current (upper line), the 6,2 kV/m measured background electric field E (lower line) and the 8 
kV applied voltage V, (with inverted magnitude), across the plate during three time-intervals (middle line). In the second 
time-interval a 9,65 m/s air stream was applied to the single-needle electrode. Notice the current enhancement Ico during 
the second time-interval.  
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Figure 32. Positive Corona Current (middle line), the 6,2 kV/m measured background electric field E (lower line) and the 
8 kV applied voltage V, (with inverted magnitude), across the plate during three time-intervals (upper line). In the second 
time-interval a 7,1 m/s air stream was applied to the single-needle electrode. Notice the current enhancement Ico during 
the second time-interval. 
 
Figure 33. Positive Corona Current (middle line), the 6,2 kV/m measured background electric field E (lower line) and the 
8 kV applied voltage V, (with inverted magnitude), across the plate during three time-intervals (upper line). In the second 
time-interval a 4,1 m/s air stream was applied to the single-needle electrode. Notice the current enhancement Ico during 
the second time-interval.  
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2.2.1.5 Discussion 
Measurements for both polarities show that corona current increases with the air stream velocity in 
the interelectrode space.  
Table VII: Constants obtained in the positive corona current test for a cactus-like electrode and VIII 
show the measured mean values for both, positive and negative corona current tests, when a 7,02 
m/s air stream was applied to the second time-interval, as it is explained in sections 2.2.1.4.1 and 
2.2.1.4.2. 
Table VII: Constants obtained in the positive corona current test for a cactus-like electrode 
Constant Value 
V [kV] -5,67 
V0 [kV] -5,28 
E01 [kV/m] 3,48 
E [kV/m] 3,97 
ic [μA] 0,028 
ica [μA] 0,035 
 
V is the applied voltage, V0 is the applied corona onset voltage, E01 is the measured electric field by the electric field 
sensor at the corona onset, E is measured electric field by the electric field sensor during the first time-interval, ic is the 
measured corona current amplitude during the first time-interval and ica is the mean value of the measured corona current 
during the second time-interval in the presence of a 7,06 m/s air stream. 
Table VIII: Constants obtained in the negative corona current test for a cactus-like electrode 
Constant Value 
V [kV] 5,74 
V0 [kV] 2,95 
E02 [kV/m] 2,7 
E [kV/m] -3,98 
ic [μA] -0,201 
ica [μA] -0,25 
 
V is the applied voltage, V0 is the applied corona onset voltage, E02 is the measured electric field by the electric field 
sensor at the corona onset, E is measured electric field by the electric field sensor during the first time-interval, ic is the 
measured corona current amplitude during the first time-interval and ica is the mean value of the measured corona current 
during the second time-interval in the presence of a 7,06 m/s air stream. 
From the experiments described in sections 2.2.1.4.1 and 2.2.1.4.2, it is possible to conclude that the 
corona current in a cactus-like electrode increases with an increase in the air stream velocity. Table 
IX shows the corona current increase in the cactus-like electrode during the transition from the first 
time-interval to the second one. For the same conditions in the second time-interval but different 
polarity in the plate, the value of the positive and negative corona current in the cactus like 
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electrode is different and the magnitude of the corona positive is ten times lower than the negative 
corona, and the positive corona presents a higher percentage change than the negative corona 
current. 
Table IX Corona current for both polarities during the second time-interval in cactus-like electrode 
Voltage 
[kV] 
Electric 
Field 
[kV/m] 
Air 
stream 
velocity 
[m/s] 
 corona 
current 
increase 
% 
Mean 
corona 
current 
[µA] 
-5,56 -4,00 7,06 25 0,035 
5,56 4,00 7,06 20 -0,25 
 
2.2.1.5.1 Discussion of the Positive corona current test in the cactus-like electrode with 
different air flow velocities 
Table X shows the positive corona current measurements obtained for the cactus-like electrode in 
the presence of three different air stream velocities. Corona current increases with an increase of the 
air stream velocity.  
Table X Corona current for second time-interval in cactus-like electrode with different air stream velocities 
Voltage 
[kV] 
Electric 
Field 
[kV/m] 
Air 
stream 
velocity 
[m/s] 
corona 
current 
increase 
% 
Average 
corona 
current 
[µA] 
-8 -6,2 9,65 6,67 0,45 
-8 -6,2 7,06 9,30 0,44 
-8 -6,2 4,07 0,47 0,42 
 
Table XI show the positive corona current measurements obtained for the single-needle electrode 
in the presence of three different air stream velocities. Corona current increases with an increase of 
the air stream velocity. However, the percentual increase in the corona current is slightly higher in 
the single-needle electrode. The percentual increase in the corona current from the first time-
interval to the second one is more important in the single-needle electrode than in the cactus one. 
This result is only valid for low electric field applied here, this suggests that cactus-like electrode is 
less efficient to produce corona current than the single-needle electrode. 
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Table XI Corona current for second time-interval in single-needle electrode with different air stream velocities 
Voltage 
[kV] 
Electric 
Field 
[kV/m] 
Air 
stream 
velocity 
[m/s] 
corona 
current 
increase 
% 
Average 
corona 
current 
[µA] 
-8 -6,2 9,65 9,62 0,52 
-8 -6,2 7,06 6,52 0,46 
-8 -6,2 4,07 4,65 0,44 
 
Figures 34-36 shows the comparison of the corona current behavior between the cactus-like 
electrode (continues line) and a single-needle electrode (broken line) for the positive corona current 
test under different air flow velocities described in section 2.2.1.4.2. In Figures 34-36, is is the 
corona current in the single-needle electrode for the first time-interval, ic is the corona current in the 
cactus-like electrode for first-time-interval, isa is the corona current in the single-needle electrode 
for second-time-interval and ica is the corona current in the cactus-like electrode for the second 
time-interval. 
 
Figure 34. Comparison between the Positive Corona Current measured in the Cactus-like Electrode (lower line) and in the 
Single-Needle Electrode (upper line) at 6,2kV/m and 9,65m/s. 
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Figure 35. Comparison between the Positive Corona Current measured in the Cactus-like Electrode (lower line) and a 
Single-Needle Electrode (upper line) at 6,2kV/m and 7,06m/s] 
 
 
Figure 36. Comparison between the positive corona current in the cactus-like electrode and in the single-needle electrode 
at 6,2kV/m and 4,07 m/s 
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2.2.1.6 Electrical characteristics of the cactus-like electrode  
2.2.1.6.1 Corona onset on the cactus-like electrode 
The 0,2 mm curvature radius needles of the cactus-like electrode amplify the background electric 
field until the onset of corona currents was reached. 
Due to cactus-like electrode structure, corona currents start first on the upper needle placed on the 
rod tip. After that and if the corona onset electric field is reached on their tips, corona current start 
to flow in the next four needles located below the upper one (see Figure 13 b), d) and e). 
The corona onset electric field can be calculated using the modified Peek´s equation (27) 
mentioned in [15] an Peek’s equation for point-to-plane in air (28) for the point-to-plane case, 
quoted in [16]:  
 
(27) 
 
 
(28) 
 
Where: 
 
(29) 
Where: , , rn = 0.2 mm 
Equations (28) and (29), from different authors give the corona onset electric field for a needle of 
a given radius rn.  
As it can be seen in Figure 14, an electric field mill measures the background electric field for 
negative and positive polarity, called here and , respectively. Therefore, an amplification 
factor between the background electric field and the electric field on the needle tip should be 
derived as follows: 
For positive corona: 
 (30) 
 
Where: K1 is the amplification factor for positive polarity. 
For negative corona: 
 (31) 
Where: K2 is the amplification factor for negative polarity. 
Results obtained form for K1 and K2 using equations (27) and (28) are presented in Table XII: 
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Table XII: Corona onset electric field 
 
[MV/m] 
 
[MV/m] 
   
10.86 10.59 0.75 3120 4022 
2.2.1.7 Simulations  
The experimental set-up was simulated using the module Electrostatics fields of the computer 
program “CST DESIGN ENVIRONMENT“. One of the possible explanations of the obtained 
results is that corona space charge, formed mainly by ions, is responsible for the obtained difference 
in the measured corona current with and without an air stream. Accumulated ions around the 
needles in the corona electrodes modify the Laplacian electric field distribution. When the air flows 
up, space charge is removed from the needles tips, changing the electric field distribution modified 
by the ions to the Laplacian one. Then, with the simulations, is possible to know the value of the 
electric field in the tip of the cactus-like electrode and compare with the electric field value of the 
corona onset for point-plane of Table XII.  
2.2.1.7.1 Positive Corona  
The experiment was rebuilding in the simulator for the conditions presented in the setup and section 
2.2.1.6 
 
 
Figure 37 Voltage for negative polarity on the cactus-like electrode. Plate set in -8kV 
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Figure 38 Detail of voltage for negative polarity on the cactus-like electrode. Plate set in -8kV  
 
 
Figure 39 Electric field for negative polarity on the cactus-like electrode 
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Figure 40 Detail of electric field for negative polarity on the cactus-like electrode 
 
2.2.1.8 Electric field in the cactus-like electrode tip 
 
 
Figure 41 Cactus-like electrode under simulation conditions. Path defined by 0 < r < 0.05 mm 
 
To know the behavior of the electric field in the cactus-like electrode tip, one path on the tip was 
selected 0 < r < 0.05 mm showed in Figure 41. The software result is presented in Figure 30. 
r 
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Figure 42 Electric field in the cactus-like electrode tip 
The simulation shown that the value of electric field in the cactus-like electrode tip is circa 13,5 
MV/m, this value is similar to the value calculated in section 2.2.1.6.1 and show the electric field 
magnitude and behavior in the cactus-like electrode tip. 
2.2.1.9 Conclusions of section 2.2.1 
The Corona current increased when an air stream was applied to the interelectrode space region. 
This increase was different for each polarity, but this difference depends of the corona electrode 
geometry. The proposed working hypothesis that an air stream can remove the corona space charge 
close to a corona source, then the corona current is modified in a different manner in different types 
of corona electrodes, was tested. It was concluded that the single-needle electrode is more efficient 
in producing corona current than the cactus-like electrode. This is valid for the tested low 
background electric fields and for the atmospherically pressure of Bogotá 0,74 atmospheres. This 
phenomenon is polarity dependent. 
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2.3 Influence of the wind for positive corona in a single-needle-electrode on thunderstorm-
like conditions 
 
In recent years, the EMC-Group of the Universidad Nacional de Colombia (EMC-UNC) has 
studied the corona current in different types of electrodes at atmospheric conditions [17] and in other 
applications [5, 6, 8, 14, 15, 17, 18]. 
The behavior of the positive corona current when the corona source space charge is removed by 
an air stream is investigated in this part. A single-needle electrode is tested under a natural-like DC 
electric field while the corona current and the background electric field are measured. To avoid high 
frequency interference (HF) produced by external HF sources, experiments are performed inside of a 
shielded room. A DC voltage is applied on a plate-to-plate electrode arrangement to test an electrode 
during three subsequent time intervals of 30 seconds. An air stream is applied to the measured 
electrode only in the second time interval. Five different air stream velocities are applied to the tested 
electrode. Results show that the measured corona current is larger in the presence of air stream and it 
increases accordingly with the air stream velocity. 
2.3.1 Tested Electrode 
The single-needle electrode is a 0.7 m long cooper rod, 14 mm in diameter. The copper rod ends 
in a needle placed at the tip. The needle has a radius of 0.2 mm and a length of 0.1 m. An actual 
detail of the electrode is shown in Figure 43. 
 
 
Figure 43 Single-needle electrode: A 0.7 m long, 14 mm in diameter copper rod terminated on a 0.1 m long and 0.2 mm in 
radius needle. 
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2.3.2 Experimental Setup 
The experimental setup is shown in Figure 44. Electric field is applied to the corona electrode 
placed in the center of a plate-to-plate electrode arrangement, by two 1.24 m square plates, separated 
1 m.  
Eight voltage levels in a range between 5 and 12 kV are applied to the plate-to-plate electrode 
arrangement with a 20 kV DC Hipotronics voltage source. The applied voltage is measured with a 
compensated resistive voltage-divider and the voltage signal is captured with a 6000 series Agilent 
oscilloscope. The background electric field is measured with EFM-100 Electric Field Monitor 
Boltek, placed as it is indicated in Figure 44. 
 
Figure 44 Experimental setup. Electric field is applied to the corona electrode placed in the center of a plate-
to-plate electrode arrangement, by two 1.24 m squared plates, separated 1 m Notice the location of the electric 
field mill and the tested corona electrode. 
2.3.3 Experimental Procedure 
Two experiments are performed under air flow conditions: A corona onset test and a positive 
corona current test. 
2.3.3.1 Corona onset test 
A voltage ramp from 0 to 6 kV is applied across the plate-to-plate electrode arrangement in 
Figure 44. The upper signature in Figure 45 is the applied voltage ramp and superimposed the 
measured electric field (both plotted as positive polarity values), while the lower one is the measured 
corona current. Three different air stream velocities are applied to the test object in the following 
sequence: 
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• Test 1. Air stream velocity 0 m/s 
• Test 2. Air stream velocity 4 m/s 
• Test 3. Air stream velocity 9 m/s 
 
Figure 45 Corona onset test. The upper signature is the applied voltage ramp (plotted as positive polarity values) and the 
lower one is the measured corona current. 
2.3.3.2 Positive corona current test under air flow 
120 corona current measurement events for positive corona were performed. Figure 46 shows the 
respective results for positive polarity. After a voltage increase from zero to 100% in 20s, the voltage 
remains constant for 90s, before its abrupt disconnection. This 90s time-interval is divided in three 
30s intervals as follows:  
• In the so called First time-interval there is no air streaming the interelectrode gap space   
• In the so called Second time-interval an air stream is blown up into the interelectrode gap 
space  
• In the so called Third time-interval, there is no air streaming the interelectrode gap space 
During these three time-intervals corona current is measured. Five air stream velocities are 
applied to the second time interval, as it is indicated in Table XIII. 
TABLE XIII Air stream Velocities 
 
Velocities [m/s] 
W1 W2 W3 W4 W5 
m/s 2 3 4 6.5 9 
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Figure 46 Positive corona current test under air flow. Corona current is measured in three time intervals. Air 
stream is only applied in the second time interval 
2.3.4 Experimental Results 
2.3.4.1 Corona onset test 
 
Figure 47 Corona onset test with no air stream. Positive Corona Current (lower signature) and both negative 
applied background Electric Field and Voltage ramp (upper signature, plotted as positive polarity values). 
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Figure 48 Corona onset test with the air stream velocity W3 = 4m/s. Positive Corona Current (lower 
signature) and both negative applied background Electric Field and Voltage ramp (upper signature, plotted as 
positive polarity values). 
 
Figure 49 Corona onset test with the air stream velocity W5 = 9m/s. Positive Corona Current (lower 
signature) and both negative applied background Electric Field and Voltage ramp (upper signature, plotted as 
positive polarity values). 
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2.3.4.2 Positive corona current test under air flow 
 
Figure 50 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative applied background Electric Field (-5 kV/m) and Voltage (-5kV). (upper signature, plotted as 
positive polarity values). 
 
Figure 51 Positive Corona current test measured at different air stream velocities (lower signature) and both 
negative applied Voltage (-6kV) and background Electric Field (-6 kV/m) (upper signature, plotted as positive 
polarity values). 
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Figure 52 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative applied background voltage (-7kV) and Electric Field (-7kV/m) (upper signature, plotted as positive 
polarity values). 
 
Figure 53 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative applied background Electric Field (-8 kV/m) and Voltage (-8kV) (upper signature, plotted as positive 
polarity values). 
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Figure 54 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative applied background Voltage (-9kV) and Electric Field (-9 kV/m) (upper signature, plotted as positive 
polarity values). 
 
Figure 55 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative applied background Voltage (-10kV) and Electric Field (-10 kV/m) (upper signature, plotted as 
positive polarity values). 
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Figure 56 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative applied background Voltage (-11kV) and Electric Field (-11 kV/m) (upper signature, plotted as 
positive polarity values). 
 
 
Figure 57 Positive Corona current measured at different air stream velocities (lower signature) and both 
negative Voltage (-12kV) and background Electric Field (-12kV/m) (upper signature, plotted as positive 
polarity values). 
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2.3.5 Discussion 
2.3.5.1 Corona onset 
The corona onset electric field can be calculated using following equations: 
The modified Peek´s,  equation (27) mentioned in [9] and [19];  the equation (28) quoted in 
[16] and [20], which calculates Peek’s equation in a point-to-plane arrangement in air; and equation 
(32), which according to [9], can be used as an extended Peek´s law instead of equations (27) and 
(28). 
 
(32) 
  
 
(33) 
where  is the air density factor, quoted from [21] 
Calculations are performed with , , rn = 0.2 mm, Q=  and A=12kV 
Equations (27), (28) and (32), give the corona onset electric field for a needle of a given radius rn.  
Figure 47, 48 and 49 show the corona onset test obtained at a background electric field 
 for following air stream velocities: 0, 4 and 9 m/s. In spite that the corona current 
increases with the air stream velocity, see item B section V, the corona onset electric field seems to 
be not affected by this parameter and always initiates at the same background electric field.  
An amplification factor between the background electric field and the electric field on the needle 
tip should be derived as follows: 
 (34) 
where K1 is the amplification factor for positive polarity. 
The calculated corona onset electric fields obtained using equations (27), (28) and (32) are given in 
Table XIV. With these values a mean correction factor  is calculated using equation (34)   
Table XIV: Corona onset electric field 
 
[MV/m] 
 
[MV/m] 
 
[MV/m] 
  
10.86 10.59 10.96 0.74 2500 
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2.3.5.2 Effect of the wind on the positive corona current 
To obtain the relationships between corona current, applied electric field and air stream velocity, 
the results of positive corona current tests under air flow, presented in section V, part B, are plotted 
in Figure 58 and 59.  
 
 
Figure 58 Corona current vs. Electric field for six different applied air stream velocities. 
 
Figure 59 Corona current Vs wind speed (Air stream velocities), for eight different background electric fields. 
Notice the current increase with the air strem velocity 
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To study the corona current evolution under different and controlled air stream velocities, 
measurements were performed in a shielded room at atmospheric pressure and temperature of 
Bogotá, Colombia (2.600 m over sea level).  
An analytical expression given by Chalmers in 1967 [22] for the corona current in a spherical 
electrode with radius , is reproduced in equation (35): 
 (35) 
where  is the vacuum permittivity, U is the electrode voltage and W is the wind speed. 
According to [22], in equation (35) is assumed that ions move radially from the electrode tip until 
they reach a distance  where  is assumed. Additionally,  is a condition in 
which , where µ is the ion mobility, W is the wind speed and E is the tip radial electric 
field. For this condition the corona space charge is located at radius  
In [22] is expressed that after a long time period in the presence of a corona current, a considerable 
amount of space charge is present around the electrode. Therefore, the corona space charge 
occupies a region with a radius  . 
To take in consideration the condition  proposed in coming equation (36) [22], Bazelyan 
assume a hemispherically-tipped rod of height h and radius , where the corona current is 
affected by the corona space charge around the tip: 
 (36) 
where is the effective distance between the space charge and the electrode tip and  is the 
voltage applied to the electrode. 
When the space charge is removed by wind, the radial ion velocity vi is expressed by (37) 
according to [22]. 
 (37) 
Where µ is the ion mobility, W is the wind velocity and E is the radial electric field from the tip.  
Near to the tip, for , the high electric field makes the condition valid. For 
distances , expression (37) becomes  Based on ion mobility considerations E.M 
Bazelyan proposed equation (38) to express the corona current as a function of the wind speed 
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W and the electric field  for the condition  where t is the time duration of the 
corona discharge. 
 
(38) 
Measurements given in Figure 58 and the corona current calculated with E.M Bazelyan´s 
equation (38), can be compared. The comparison is performed with the air stream velocities 
presented in Table XIV and the electric field range used in the experimental tests described section 
V. Corona currents calculated with E.M Bazelyan´s equation are plotted in Figure 60. However, the 
E.M Bazelyan´s model present problems in the range of velocities and electric field implemented in 
the present research work. The reason is that Bazelyan´s equation given in [22], is valid for wind 
speeds in the range . 
 
Figure 60 Prediction of the corona current using E.M Bazelyan´s equation (34) 
 
Figure 61 presents a ratio between Bazelyan´s equation and the experimental results of positive 
corona current under air flow, presented in section V, part B, (Figure 58). With the results presented 
in Figure 61 a modification of Bazelyan´s equation is proposed in following equation (39): 
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Figure 61 ration between measured dates and Bazelyan´s equation 
 
 
(39) 
Where and . Figure 62 shows the corona current prediction obtained by 
using equation (39). By comparing the measured data with the predicted data, Figure 58 and 62, the 
equation (39) present an excellent agreement. To reinforce this conclusion Figure 63 was plotted.  
 
Figure 62 Corona equation based in Bazelyan´s equation restriction 
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In Figure 63 the measured data is compared with the results obtained by using both Bazelyan´s 
equations: equation (38) and the modified and proposed in this paper (39), for a specific wind speed 
of 2 m/s.  
 
Figure 63 Comparison between the measured data with the results obtained by using both Bazelyan´s 
equations: equation (38) and the modified and proposed in this paper (39), for an specific wind speed of 2 
m/s. 
2.3.6 Conclusion of section 2.3 
In the present research work it is demonstrated that the corona onset electric field is not affected 
by the wind speed. It has been also confirmed that the corona current increases with the wind speed. 
Additionally, a good approximation between the corona current magnitude and wind speed (air 
stream velocity), background electric field, electrode length, space charge radius and time was 
obtained by using a modified Bazelyan´s equation. Results obtained are restricted to the 
experimentally applied air stream velocities.  
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3 CHAPTER 3: MEASUREMENTS OF CORONA CURRENT, ELECTRIC 
FIELD AND ATMOSPHERIC VARIABLES UNDER THUNDERSTORMS 
CONDITIONS 
In this part two important differences between the expected behavior of the corona current as a 
function of the electric field when measured in the laboratory and under natural thunderstorm 
conditions are reported. The first difference is related to a non-linear increase of the corona current 
when the natural electric field increases. The second is a delay observed between the corona current 
and the electric field. To explain this behavior a hypothesis is proposed: The wind removes the 
space charge produced by the corona electrode increasing the corona current. The removed space 
charge is detected by the electric field sensor decreasing the measured electric field. Both corona 
current and the natural electric field were recorded in Bogota Colombia, in the time period July to 
November, 2011. From the recorded data, 22 thunderstorms were selected to be reported. 
Additionally, the influence of the corona space charge on an electric field mill was studied under 
laboratory conditions. 
 
3.1 Corona current and space charge during a thunderstorm 
This part presents corona current and electric field measurements recorded during 22 
thunderstorms in Bogota, Colombia and it is a continuation of previously reported investigations [8, 
17, 23]. The objective of the present research work is to study the wind influence on the corona 
current under thunderstorm conditions. Two electrode configurations: a single needle corona 
electrode and an array of corona electrodes are used to measure corona currents under natural 
atmospheric conditions. The former corona electrode was tested in the laboratory under 
thunderstorm-like electric field. In the laboratory test, corona current and electric field were 
recorded while a wind stream was applied in two different directions, as it is indicated in Figure 74 
and 75. 
Two important differences between the expected behavior of the corona current as a function of 
the electric field when measured in the laboratory and under natural thunderstorm conditions are 
observed. The first unexpected behavior is a non-linear behavior of the corona current when a 
constant natural electric field was present. The second one is a delay observed between the corona 
current and the natural electric field. To explain this behavior a hypothesis is proposed: The wind 
removes the space charge produced by the corona electrode increasing the corona current. The 
removed space charge is detected by the electric field sensor decreasing the measured electric field. 
To eliminate possible measuring error, the measuring system was tested under laboratory conditions 
inside of a shielded room. This test procedure is explained in section 3.1.3. 
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The wind influence on the natural corona current is reported in a previous work [23]. Present 
work enrich the observations presented in [23] by reporting additional recorded data of the wind 
influence on the corona current and electric field measurements under thunderstorm conditions. 
In a future work the here presented results will be complemented with dynamic records of the 
thunderstorm electric field to obtain redundant information of the presence of lightning flashes. 
3.1.1 Measuring system 
The measuring system consists of an array of corona electrodes, a corona current measurement 
system and an electric field sensor (electric field-mill). 
3.1.1.1 Corona electrodes 
During the time period from July 1
st
 and August 21
st
, 2011, corona current is measured using the 
single corona electrode shown in Figure 64, however, the measurements performed  during the time 
period from August 22
nd
 and November 30, 2011 are performed with the complete array of corona 
electrodes shown in Figure 65.  
The height of the corona electrodes is 21m over the ground level. Three corona electrodes are 
supported with wooden poles and two of them are located over the building, see Figure 65. 
All corona electrodes can be interconnected for different array configurations. 
 
 
Figure 64 The single corona electrode and the electric field sensor installed on the top of a building at 21 m 
over the ground level.  
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Figure 65 Array of corona electrodes conformed by 5 corona electrodes. All corona electrodes are 
interconnected. Notice the weather station to measure wind speed, air humidity and temperature.  
3.1.1.2 Corona current measurement system 
The Figure 66 shows the corona current measuring circuit. The system has 4 channels to measure the four 
different corona current ranges shown in Table XV. 
Table XV Input impedance of the corona current measuring system 
 
Current Range 
(µA) 
Input impedance 
(MΩ) 
Channel 1 0 – 1 10 
Channel 2 0 – 10 1 
Channel 3 0 – 100 0.01 
Channel 4 1 – 100000 0.00001 
 
Each channel has a measuring resistance and a voltage follower implemented with the Ω 
input impedance operational amplifier LF347, connected to each measuring resistance. The 
National Instruments DAQ systems 6008 acquire the voltage signal and transfer it to a computer. 
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Figure 66. View of the Corona Current Measuring System 
3.1.1.3 Electric field sensor 
The natural electric field was measured with an EFM-100 Electric Field Monitor Boltek. To 
avoid electric field measuring errors, this sensor is placed in a flat surface, as it is indicated in 
Figure 64. 
3.1.2 Thunderstorm measurements 
Figure 67 shows a corona current and electric field measurement during a thunderstorm on 
August 22, 2011. Corona current was measured with the array of corona electrodes. Figure 68 
shows 2 hours of the same thunderstorm in Figure 67. In Figure 68 it can be observed a large DC 
electric field component before a large number of flashes are detected. 
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3.1.2.1 Corona current and electric field measurements during a thunderstorm 
 
Figure 67. 24 hour record of corona current (green-continuous line) and electric field (red-dotted line) on 
August 22, 2011. A thunderstorm was measured in the time interval between 16:30 and 18:30 hours.  Corona 
current is measured with the array of corona electrodes shown in Figure 65. 
 
 
Figure 68 Detailed view of the corona current (green-continuous line) and electric field (red-dotted line) 
recorded on August 22, 2011 and shown in Figure 67. Notice that the time interval is circa 120 minutes.   
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Figure 69 Detailed view  of the corona current (green-continuous line) and electric field (red-dotted line) 
recorded on August 22, 2011 and shown in Figure 67 and 68. Notice that the time interval is circa 18 minutes. 
 
 
Figure 70 Detailed view of the corona current (green-continuous line) and electric field (red-dotted line) 
recorded on August 4, 2011. Notice the presence of interval is circa 42 minutes and the smooth variation of 
the electric field compared with the fast variation of the corona current probably due to the wind. 
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3.1.3 Test of the measuring system 
Before and after performing the measurements under natural conditions are performed the 
measuring system is tested under laboratory conditions. To evaluate the time delay between the 
applied electric field and the corona current, a long time test under natural-like conditions is 
performed. 
 
Figure 71. 3 hours test of the measuring system according to the experimental procedure explicated in section 3.1.3.2.  
 
 
Figure 72. Detail of the experimental procedure  shown in Figure 7. Notice that after a long test time, there is not a delay 
between the electric field (blue line) and the corona current (green line).  
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According to Figure 71 and 72, there is no delay between the signatures of electric field and 
corona current, showing the correct operation of the measuring system.  
3.1.3.1 Experimental setup 
The tested corona electrode shown in Figure 73 c) is a 14 mm diameter cooper rod and 0.7 m in 
length, (see Figure 73 a) This rod ends in a 0.2 mm radius needle and 0.1 m in length, placed at its 
tip, as it can be seen in Figure 73 b).  
 
  
Figure 73. Tested corona electrode: a) A 0.7 m in length, 14 mm in diameter cooper rod. b) Detail of the 
needle placed at the tip of the cooper rod. c) View of the complete corona electrode 
 
The corona electrode is placed at the center of the plate-to-plate electrode arrangement shown in 
Figure 74 and 75. 1 m is the distance between the 1,24 m square plates. 
The experimental set-up is feed by a Hipotronics high-voltage source, used to apply eight voltage 
levels from 5 to 12 kV. The applied voltage is measured with a compensated resistive voltage-
divider and the voltage signal is captured with a National Instruments card NI USB-6008. Electric 
field is measured with EFM-100 Electric Field Monitor Boltek, placed as it is indicated in Figure 74 
and 75.  
The difference between Figure 74 and 75 is the direction in which the air is blown. In the former, 
the air removed from the corona source is blown to the electric field meter, while in the second is 
blown away.  
From the experiments is observed that under the same experimental conditions, the measured 
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results are different. A possible reason is that the corona space charge removed by the air stream 
influences the electric field measurement. This is the case for the experimental setup 2 in Figure 75, 
while for the case in Figure 74 it is not.  
 
  
Figure 74. Experimental setup 1. Two 1.5 m2 plates conformed a plate-to-plate electrode arrangement with 1 m distance 
between plates. Notice the location of the electric field mill and the tested electrode. The corona space charge removed by 
the crossed air stream does not influence the electric field measurement. 
 
 
Figure 75. Experimental setup 2. Two 1.5 m2 plates conformed a plate-to-plate electrode arrangement with 1 m distance 
between plates. Notice the location of the electric field mill and the tested electrode. The corona space charge removed by 
the crossed air stream influences the electric field measurement. 
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3.1.3.2 Experimental procedure 
As a continuation of a previous research work [8] and [23], 240 corona current measurements for 
positive corona are performed, 120 in the experimental setup 1 and 120 in the experimental setup 2.  
The experimental procedure is as follows: 
The voltage applied in the upper plate of the plate-to-plate electrode arrangement in Figure 74 
and 75, increases from zero to 100% in 20s. Thereafter, it remains constant for 90s, before its abrupt 
disconnection. This 90s time-interval is divided in three 30s intervals as follows:  
 
• In the so called First time-interval there is no air stream in the interelectrode gap space: W= 0 m/s 
• In the so called Second time-interval the five air velocities, W1 to W5, given in Table XVI, are 
blown up into the interelectrode gap space  
• In the so called Third time-interval, there is no air stream in the interelectrode gap space: W= 0 m/s 
 
Table XVI Air Velocities used in Experimental Setups 
 Air Velocities 
W1 W2 W3 W4 W5 
m/s 2 3 4 6.5 9 
 
 
Figure 76 Three time intervals of the corona current measurement test with different air velocities. The upper line (dashed 
line) is the applied voltage (electric field) and the lower continuous line is the measured corona current. 
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3.1.3.3 Experimental results 
3.1.3.3.1 Setup Positive corona current experiment under air flow. Experimental setup 1 
 
Figure 77 Positive corona current test for different air velocities (lower line) and -8 kV/m background Electric 
Field and Voltage -8kV (plotted as positive polarity values) applied across the plate-to-plate electrode 
arrangement during the experiment (upper line) 
 
 
Figure 78 Positive corona current test for different air velocities (lower line) and -12 kV/m background 
Electric Field and Voltage -12kV (plotted as positive polarity values) applied across the plate-to-plate 
electrode arrangement during the experiment (upper line).  is the background electric field without wind. 
 is the background electric field with wind applied.  is the corona current without wind.  is corona 
current with wind applied.  is the voltage applied across the plate-to-plate arrangement. 
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3.1.3.3.2 Setup Positive corona current experiment under air flow. Experimental setup 2 
 
Figure 79 Positive corona current test for different air velocities (lower line) and -8 kV/m background Electric 
Field and Voltage -8kV (plotted as positive polarity values) applied across the plate-to-plate arrengement 
during the experiment (upper line) 
 
Figure 80 Positive corona current test for different air velocities (lower line) and -12 kV/m background 
Electric Field and Voltage -12kV (plotted as positive polarity values) applied across the plate-to-plate 
electrode arrangement during the experiment (upper line).  is the background electric field without wind. 
 is the background electric field with wind applied.  is the corona current without wind.  is corona 
current with wind applied.  is the voltage applied across the plate-to-plate arrangement. 
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3.1.4 Conclusions of the section 3.1 
According to the proposed hypothesis, the measured electric field could be affected by the corona 
space charge removed from the tip of the corona electrode. This result   is observed in laboratory 
tests performed with calibrated instruments. This could also be the case for natural electric fields 
measured with the same instruments under thunderstorm conditions. 
The delay between the measured electric field and the measured corona current reported in this 
paper needs to be corroborated. To do this, the recorded signals should be compared using 
redundant transient and static electric field measurements. 
. 
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3.2 Behavior of corona current and atmospheric variables under thunderstorm conditions: 
thunderstorm prediction algorithm 
 
In order to develop an algorithm to predict thunderstorms, atmospheric data is continuously 
recorded in Bogota Colombia, from July to November, 2011. The recorded variables are corona 
current, natural electric field, atmospheric pressure, ambient temperature and air humidity. From 
this large amount of recorded data, 22 thunderstorm events are selected to be analyzed in the 
present paper. The transition of the measured variables from fair weather to thunderstorm 
conditions are presented and discussed. The recorded significant changes in the atmospheric data 
can be used to develop a thunderstorm predicting algorithm. 
3.2.1  Introduction 
Corona currents in different types of electrodes at atmospheric conditions [17], is one of the research topics 
of the Universidad Nacional de Colombia EMC-Group (EMC-UNC). The wind influence on the Corona 
current under thunderstorm conditions is studied in [8, 23]. In the present work it studied the influence of 
following atmospheric variables: air pressure and humidity and ambient temperature, on the corona current 
under thunderstorm conditions. The measured data of 22 thunderstorms is used to develop a thunderstorm 
predicting algorithm. 
In the last years, the need for lightning warning arises in many practical situations and several warning 
systems have been developed. Some of them using radio signal monitoring to track the lightning events 
geographically; others measure local conditions at which lightning can occur. In addition, meteorology can 
predict atmospheric conditions suitable for the formation of thunderclouds [24].  
In this paper, the influence of atmospheric variables, such as: pressure, temperature and humidity in the 
corona current production under thunderstorm conditions for 22 thunderstorms is reported and a thunderstorm 
prediction algorithm based on the corona current and the atmospheric variables is described. 
3.2.2 Criteria for thunderstorm prediction 
An important criteria used traditionally for thunderstorms prediction is to measure electric field at 
ground level. However, this is not a complete criteria to determine the cloud electrification [24]. In 
this work the atmospheric data of 22 thunderstorm events are analyzed. The recorded parameters to 
develop a thunderstorm prediction algorithm are the following: 
 Corona current (point discharge current) 
 Atmospheric electric Field 
 Air humidity 
 Air pressure 
 Ambient temperature 
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3.2.3 Measuring system 
The measuring system consists of a corona electrode, an atmospheric electric field sensor and a 
weather station. Figure 81 shows the connection diagram. 
 
Figure 81. Block diagram for the measuring system. 
 
To measure corona current at different levels, the single corona electrode presented in Figure 2, 
located at 21 m over ground level, and an electronic circuit with four channels were implemented. 
Each channel has a measuring resistance and a voltage follower with input impedance of Ω. 
The voltage signal is acquired by National Instruments DAQ systems 6008 and transferred to a 
computer. 
 
Table XV shows the current ranges and input impedance of the corona current measuring system. 
Electric field was measured with a EFM-100 Electric Field Monitor, placed as it is shown in 
Figure 64. 
  
Weather Station Honeywell, is used to measure atmospheric presure, ambinet temperature and 
atmospheric humidity. The Weather Station registers thedata each 300 s, see Figure 65. 
 
3.2.4 Atmospheric variables measurement 
22 thunderstorms were recorded during the first measurement campaign. The Figure 82 to 86 
show the measuring results of a thunderstorm recorded in the early morning of July 29, 2011 in 
Bogota Colombia. 
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Figure 82. Detail of the measured data in a thunderstorm on July 29, 2011. The signature in red color is the 
electric field and the green one is the corona current. The thunderstorm occurred in early morning hours. The 
corona current corresponds to the single corona electrode shown in Figure 64. 
 
 
 
Figure 83. Thunderstorm on July 29. 2011. The red line is the electric field and the green one is the corona 
current measured in the single corona electrode shown in Figure 64. 
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Figure 84. Thunderstorm on July 29, 2011. The black line is the atmospheric pressure and the green one is 
the corona current measured in the single corona electrode shown in Figure 64. 
 
 
 
Figure 85. Thunderstorm on July 29, 2011. The magenta line is the ambient temperature and the green line 
is the corona current measured in the single corona electrode shown in Figure 64. 
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Figure 86. Thunderstorm on July 29, 2011. The blue line is the relative air humidity and the green one is 
the corona current measured in the single corona electrode shown in Figure 64. 
The atmospheric data, registered during a whole thunderstorm, is normalized and plotted in 
Figure 87. Data is normalized with respect to its maximum value with exception of atmospheric 
pressure. This variable is normalized using equation (40).  
12.0
735P
Pn  
(40) 
In Equation (36), P is the registered atmospheric pressure data, 735 is the minimum atmospheric 
pressure (735 hPa) registered during 6 months and 22 thunderstorms. The maximum registered 
value of this variable was 747 hPa in the same time period.  
 
Figure 87. Thunderstorm on July 29, 2011. Measurements were normalized to compare the behavior of each 
atmospheric variable with the corona current measured in the single corona electrode shown in Figure 64, during the 
thunderstorm. 
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In Figure 87, the relative humidity during the thunderstorm on July 29, 2011 is changing between 
60% and 90% of the maximum of relative humidity registered this day. In Figure 87 can also be 
seen that atmospheric temperature is reducing from 80% to 60% of the maximum registered 
temperature in the same day. Additionally, pressure is also reducing from 64% to 40% of the 
pressure range selected, as it is calculated with Equation (40).  
3.2.5 Thunderstorm prediction 
Usually, warning of the local risk of lightning activity has been based on observations of 
atmospheric electric field. However, several studies have demonstrated that this is not a complete 
criterion to determine the cloud electrification [25 – 27]. Many lightning warning systems use a 
combination of lightning detection system and electric field mills. The capability of lightning 
detection systems to provide warning before to the first cloud-to-ground lightning within an Area of 
Concern (AOC) has been analyzed in several papers [28 – 31]. 
In this part, additional parameters are proposed as a part of a thunderstorm prediction algorithm 
these parameters are: Corona current, humidity, pressure and temperature. Threshold amplitude 
restricts attention to local events, atmospheric electric field provide localized indication of the 
electrostatic conditions at which lightning can occur, corona current provide information about 
increasing of space charge, pressure, humidity and temperature variations are indicators of 
thunderstorm development, as it was shown in previous section. 
Risk levels are evaluated based on electric field, corona current, pressure (p), humidity (h) and 
temperature (T) according to the three levels described next: 
 Level 1: No risk 
.1. Electric field < 1.5 kV/m 
.2. Corona current < 75 nA 
 Level 2: Thunderstorm is likely 
.1. Electric field > 1.5 kV/m 
.2. Corona current > 75 nA 
.3. A lightning event recorded 
.4. Constant variation at least one of the atmospheric variables (p, h, T) 
 Level 3: High probability of Thunderstorm 
.1. Electric field > 3 kV/m 
.2. Corona current > 150 nA 
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.3. Two lightning events recorded in less than 600 s 
.4. Constant variation at least one of the atmospheric variables (p, h, T) 
Due to the characteristics of the prediction which, in this case, is a binary output that says “There 
will be Thunderstorm” or “There won’t be Thunderstorm” from analyzed measured data of 
humidity, pressure, temperature, electric field intensity and corona current is proposed a 
thunderstorm prediction algorithm based on neural networks as a future work. 
The neural networks are very special tools because they give a quick response. And the same way 
that they are used to recognize different patterns in different fields of study, they could recognize 
one or many patterns/signatures that allow distinguish the behavior of weather, fields and 
currents before a thunderstorm. They can interpret complex patterns that sometimes are difficult 
to express formally.    
This field opens the research to the signal processing area and must take into account that there 
are many thunderstorm kinds. They could be classified by the lightning kinds that compose 
themselves. This make difficult to know, how many measurements are enough to reach a good 
neural network performance?  
The 22 measured thunderstorms and other measurements can be used as patterns to train the 
system. The input signals must be simultaneously analyzed and the network must weight those 
values taking into account the changes in the time of each one. These characteristics allow 
defining a network structure with determined levels number of hierarchy and determined neurons 
number of each one.  
3.2.6 Conclusions of section 3.2   
The atmospheric variables pressure, temperature and humidity show rapid changes during a 
thunderstorm registered in Bogotá, Colombia. The drastic increase in the corona current measured 
in a pointed electrode placed at 22 mi above ground level is the variable used to determine the 
presence of a thunderstorm using a thunderstorm prediction algorithm.  
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4 CHAPTER 4: SYSTEM FOR POWER GENERATION 
 
4.1 Criteria for power generation from atmospheric energy 
A thunderstorm is presented in Figure 88, with this measurement it is possible to calculate the 
voltage of the cloud using the Data of the cloud height reported in chapter 5, section 5.3. In that 
section, a typical cloud height during a thunderstorm in Bogota Colombia is 600m.  
 
Figure 88 Thunderstorm on July 30 
Assuming, the cloud and the earth like a plane-to-plane arrangement, the voltage cloud can be 
calculated with the expression  
 
Figure 89 Voltage cloud calculated from measurements on July 30 
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According with the result showed in Figure 89 it is possible to assume the voltage cloud during a 
thunderstorm as  for a height of 600m over the ground level. The cloud voltage 
distribution is showed in Figure 66.  
 
Figure 90 Cloud voltage distribution for 600m over the ground (V) 
On the other hand, according with the reference [34] the charge distribution in the cloud is similar 
to a sphere with radius  when there is lightning discharge between the cloud and 
earth. According with data of the cloud height reported in chapter 5, the height of the sphere charge 
distribution is 600m from the ground. The electric field necessary for a discharge between the 
cloud and earth in Bogota Colombia is 2.1 /brE MV m  consequently using the expression for 
the electric field of a sphere over the ground plane the charge of the cloud in Bogota Colombia in 
near to 84 C and the maximum voltage is near to . 
During the measurements of the electric field showed in Figure 88 there was not a lightning 
discharge over the place of the measurement, consequently, assume the cloud and the earth like a 
plane-to-plane arrangement is a good approximation for calculating the cloud voltage in the place of 
the measuring system, see Figure 89. For a plane-to-plane showed in Figure 89 for 40m over the 
ground level the potential is equal to 670kV. 40 m over the ground was selected accord with the 
cost of construct a structure with this length. Consequently, the circuit that describes the energy 
source, for that point, can be modeling as a capacitive divider circuit. 
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Figure 91 Capacitive divider circuit for express the voltage for a specific point over the ground level between 
the ground and the cloud 
The output voltage in the point is given by equation (41): 
1
2
1 2
C cloudy
C
V V
C C
 
(41) 
The voltage of 2CV  is 670kV for a point 40m over the ground and the total capacitance can be 
estimated assuming a surface area of the cloud 
8 210  cloudyA m
 
using equation (42): 
0
 ( )
cloudy
total
A
C F
d
 
(42) 
With 600 d m  it is possible to calculate the complete capacitance and with 40 d m the 
capacitances C1 and C2.
 
1.475 totalC F  
1 1.58 C F  
2 22.12 C F  
V1
10MVdc
0
C1
C2
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When a corona electrode is located at 40m over the ground level during a thunderstorm the circuit 
model can be describing as Figure 92: 
 
Figure 92 Schematic for to represent a corona electrode 40m over the ground with capacitive couplet through 
the corona impedance  
 
Where R1 is the dynamic resistance of the Corona effect and R2 is the resistance of the corona 
electrode and measuring system. C1 and C2 is the capacitive divider expressed in Figure 91, C3 is a 
dynamic capacitance formed by the positive and negative ions around the corona electrode tip, see 
references [1], [2], [3], [4], [5], [6] and [18]. 
According with equation (11) and the analysis realized in that section the equation can be associated 
to the resistances R1 and R3: 
  
  
 The red part of the equation is associated to the resistance R1 in which the electrons let the cathode 
and cross through a media in which there are a big amount of positive and negative ion densities, 
and the blue part of the equation is associated to the resistance R3 in which the electron that 
manage to pass the section with high positive and negative ions densities, go in direction to the 
anode. 
The magnitude of the R1 depends of the background electric field, the gas properties, the geometry 
of the corona electrode and all the elements in the physics of the corona discharge. With the results 
and experiments realized in section 2.3.5.2 and Figure 58 the magnitude of R1can be measured for 
the specific range of electric field applied, the magnitude of the R1 is presented in Figure 93, 94 and 
95. 
V1
10MVdc
0
C1
C2
R1
d
R2
m
R3
a C3
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Figure 93 Results for measurements presented in section 2.3.5.2 and Figure 58 for different wind velocities 
and voltage calculated with capacitive divider of the schematic in Figure 91 
 
 
Figure 94 Behavior of the corona impedance from measurements presented in section 2.3.5.2 and Figure 58 
for different wind velocities with corona current measured 
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Figure 95 Behavior of the corona impedance calculated from measurements presented in section 2.3.5.2 for 
different wind velocities and Figure 58 with the voltage calculated with capacitive divider of the schematic in 
Figure 91 
With the criteria proposed and the model established in Figure 92 it is possible to explain the circuit 
for the connection of the corona electrode with the cloudy as a voltage source. 
4.2 Corona Tower over ground 
 
Figure 96 Corona Tower for raise the corona electrode 40 over the ground level and the parts for lighting 
protection and storage energy 
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For elevating the corona electrode until 40 meters over the ground level it is necessary to use a 
tension tower. The design of the tower and the structure of the system has to support a lightning 
discharge. The standard NTC 4552-1-2-3 reported in [32] defined the next characteristics for a 
lightning current signal for the largest lightning in Colombia: 
Table XVII Lightning  NTC 4552-1 Parameters 
Lightning  NTC 4552-1 Parameters 
Imax   [A]  
k        
[µs]  
[µs]  
 
 
(43) 
 
For the Table XVII and equation (43), Imax is the maximum peak value for the current signal 
lightning In Colombia, k is the correction factor for the peak current, is the front constant, is 
the tail time constant, and t is the time. The Figure 97 shows the lightning current signal according 
with the standard NTC 4552-1. 
 
 
Figure 97 Lightning  NTC 4552-1 
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4.2.1 Corona electrode 
The corona electrode selected for the corona tower is sowed in Figure 73 with the different that the 
electrode has now 2m in length and do not 0.7m, this, with the purpose to gain more height. 
 
Figure 98 Behavior of the electric field onset for different radius of the corona electrode tip calculated with 
the equations 27, 28 and 32.  
4.2.2 Lightning protection 
In the corona tower is not possible to use an external lightning protection due to if the external 
lightning protection is installed at the tip of the tower this affects the phenomenon of the corona 
current, by this reason it is necessary that the corona tower structure support a lightning discharge, 
see Figure 99. 
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Figure 99 Dissipation of the lightning discharge in a corona tower. Notice that the most of the current go to 
ground 
4.2.3 Conductors 
For interconnect the corona electrode with the load it is necessary to use a coaxial configuration 
where the inner conductor connect the corona electrode until the load and the outer conductor is 
connected to the corona tower structure for to dissipate a lightning discharge. The criteria for select 
the inner and the outer conductor are going to be explained down. 
4.2.3.1 Inner Conductor 
In Figure 99 the inner conductor needs to be selected take account the next characteristic: 
 High conductivity 
 Dissipate the power supplied by a lightning current 
 40m in length (equal to the tower height) 
For high conductivity the selected material is Copper which has the characteristics: 
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Table XVIII Copper conductor 
Resistivity                             [ ]  
Density                           [ ]  
 specific heat                     [ ]  
4.2.3.1.1 Specific heat equation for calculate the radius of the inner conductor 
With base in the Table XVIII is possible to select the correct radius using the specific heat equation, equation 
(44). 
 (44) 
 
Where  is the change in temperature in (k),  is the head added in (J),  is the mass in (kg), and  is the 
specific heat in (J/(kgK)). 
For to calculating the equation (41) is going to be used: 
 (45) 
Where  is the current signal lightning In Colombia from standard NTC 4552-1 showed in Figure 97 and 
is the resistance of the conductor. The solution for the  expression is shown in the Figure 100.  
 
Figure 100 Solution to the expression  . Notice that the total value for the integral is  
 
The resistance of the conductor is given by the equation (46): 
 (46) 
Where is the length of the tower and  is the area of the conductor and is the conductivity of 
the copper. 
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Accord with the skin effect, the equation (47) can be expressed as: 
2
2
cu
cu cuf
 
(47) 
cua r  (48) 
2 2( )A r a  (49) 
2 2( )
cu
cu
L
R
r a
 
(50) 
Where is the radius of the inner conductor. 
Using equations (45), (46) and (47) is possible to calculate the radius  with base in the current 
signal lightning presented in the standard NTC 4552. The expression is showed in equation (51): 
eQ TmC
 
2
cu eR i dt TmC
  
2 2
2 2( )
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(51) 
If the heat don´t penetrate radially the copper conductor quickly, them, only raises the temperature 
at the surface of the conductor due to skin effect and the radius expression (51) becomes as equation 
(52). 
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(52) 
Using equation (48) and (52)  can be calculated as: 
 
2
4 2
cu
cu cu e cu
i dt
r
C T
 
 
(53) 
4.2.3.1.2 Calculation of the radius of the inner conductor using the standard NTC 4552 
The Table XIX presents the parameters of the standard NTC 4552 for calculating the radius of the 
inner conductor accord to the change of temperature of the conductor in presence of the current 
signal lightning using the equation (54): 
Table XIX NTC 4552-1 Parameters for copper 
       [ ]  
        
[Ωm]  
  
  
 
 
(54) 
Where  is the conductor temperature coefficient [1/K],  is the specific energy of the 
conductor [J/Ω],   is the resistivity of the conductor [Ωm],  is the wire section area [ ],   is 
the density of the conductor [kg/ ] and    is the heat capacity [J/kgK]. 
From equation (54) is possible to solve  and obtain the radius of the conductor, see equation (55): 
0
4
2 ln( )W
W
Rr
C T
 
(55) 
 
The conclusions of the sections 4.2.3.1.1 and 4.2.3.1.2 is that using the both equations always there 
is a exponential relationship between the radius of the conductor and the power dissipated by the 
conductor. In conclusion the correct calculation is analyzing the power dissipated by the lightning 
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current signal in the conductor in the frequency due to the conductor has a different resistance for 
each specific frequency. 
 
4.2.3.1.3 Comparison of the calculation of the radius of the inner conductor using the standard NTC 4552 and 
Specific heat equation 
Accord with the equation (47) and (50) the resistance of the inner conductor change with the 
spectrum of the current signal lightning presented in the standard NTC 4552. Additionally, for 
obtain expressions (51) and (53) were necessary to assume all the signal power in only specific 
frequency determinate by . Nevertheless, during the lightning discharge the power of the 
signal is distributed in all spectrum of the signal. 
 
Figure 101 Current spectrum of the current signal lightning presented in the standard NTC 4552 
 
Using the range spectrum of the frequency presented in Figure 101, the resistance of the inner 
conductor was calculated using equation (50). Using equations (44) and (54) the temperature 
increase in the inner conductor was calculated and compared in Figure 102. 
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Figure 102 Temperature increase for inner conductor 
 
According to the results presented in Figure 102, the radius selected for the inner conductor 
is  . The temperature in the final temperature of the conductor expected is near of 
250°C during a lightning discharge.  
4.2.3.2 Outer Conductor 
For the outer conductor, a radius of  was selected for a conductor of 
galvanized steel. The selection of the radius and material of the outer conductor is due to present a 
good mechanical strength to the structure. 
The equation (56) reported in [33] gives the breakdown voltage for a coaxial configuration. 
ln
br
br
out
in
in
E
V
r
r
r
 
(56) 
Where brV  is the breakdown voltage and brE is the critical value of electric field for breakdown. 
For Bogota Colombia the 2.1 /brE MV m , consequently, the breakdown voltage for this coaxial 
arrangement is 12.2 brV kV . This value define the working voltage of the system. 
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4.2.3.2.1 Electrical characteristic for the galvanized steel 
Table XX Galvanized steel characteristics 
Resistivity         [ ]  
Density      [ ]  
4.2.3.3 Calculation for the resistance and inductance of inner and outer conductor 
4.2.3.3.1 Resistance 
The calculus of wire and steel tube resistance takes into account the skin effect for the maximum 
frequency of lightning pulse. The (47), (48), (49), and (50) equations allow calculating R  resistance 
for wire/tubes with b  external radio,  penetration for f  frequency,   length and A  transversal 
conduction area. 
4.2.3.3.2 Internal Inductance 
The internal inductance calculus is based on the magnetic field density for wires of infinity length 
which is presented in the (57) equation. Where i  is the current that flows through the circumference 
defined by  radius. 
2
i
B  
(57) 
Assuming J  uniform current density and ( )A  conduction area for  radius, the (60) equation 
allows calculating the i  current in the conductor for a b  take into account the skin effect. 
Where I  is the total current flowing in the wire/tube. 
I
J
A
 
(58) 
2 2( ) ( )A a  (59) 
2 2
2 2
( )
a
i JA I
b a
 
(60) 
The used expression for internal inductance calculus is presented in (61). 
2
1
( )i mL i d
I
 
(61) 
Where md  is the magnetic flow differential in the conductor, which is presented in (62). 
.
2
m
i
d B ds d dz  
(62) 
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Based on (57) and (61), the (62) equation is developed as follow. 
2 2 2 2
2 2 2 2 2
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z a
a I a
L I d dz
I b a b a
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(63) 
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(64) 
4.2.3.3.3 External Inductance 
The calculus of the external inductance is developed through the volume integral presented in 
(65). Where ev  is the external volume of wire/tube. Using the (57) equation, with i I  for all the 
volume, the integral is expressed as shown in (66) and reduced to (67). 
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In a coaxial geometry whit steel shield, this integral is divided in three regions with different 
permeability. The A Region is the air space between central conductor and the steel shield, the B 
Region is in the steel shield and the C Region is all the air space out of the shield. With a  as the 
radius of internal conductor, b  as the internal radius of the steel shield, c  as the external radius of 
the steel shield and d  as a so far distance that emulate the infinite distance, the regions of 
integration is presented in (68). 
A Region
( ) B Region
C Region
Air
steel
Air
a b
b c
c d
 
(68) 
The integral for the internal conductor is evaluated in all of regions as follow. 
2
b c d
Air steel Air
e
a b c
L d d d

 
(69) 
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For the external conductor is just evaluated in C Region as Follow. 
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4.2.3.3.4 Results 
The calculus is based in follow information: 
 
General Data 
d  Distance (Infinite) = 1500m 
Length = 40m  
 
Internal Conductor (Cu): 
Radius = 2.5mm  
Resistivity = 81.7 10 .x m  
 
External Conductor (Fe): 
External Radius = 25.4mm 
Thickness = 1.5mm  
Resistivity = 830 10 .x m  
Relative Permeability = 2000  
 
The results are presented in the follow table for a frequency sweep between 66 and 200 kHz, for 
rise times between 5 and 15 micro-seconds. 
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Table XXI Results for inductance and resistance 
f  
[ ]kHz  
Cu  
[ ]m  
CuR  
[ ]m  
Cu
iL  
[ ]nH  
Cu
eL  
[ ]mH  
Fe  
[ ]m  
FeR  
[ ]  
Fe
iL  
[ ]H  
Fe
eL  
[ ]H  
200 146,7336 303,9452 0,15646 2,1164 13,7832 10,9165 5,78823 93,435 
166,6667 160,7386 278,2657 0,17138 2,1164 15,0988 9,96585 6,34069 93,435 
142,8571 173,6175 258,3115 0,1851 2,1164 16,3085 9,22703 6,84873 93,435 
125 185,605 242,2299 0,19786 2,1164 17,4346 8,63148 7,32159 93,435 
111,1111 196,8638 228,9119 0,20985 2,1164 18,4921 8,13817 7,76572 93,435 
100 207,5127 217,6474 0,22118 2,1164 19,4924 7,72085 8,18579 93,435 
90,90909 217,6411 207,9581 0,23196 2,1164 20,4438 7,36182 8,58533 93,435 
83,33333 227,3187 199,5085 0,24226 2,1164 21,3529 7,04866 8,96708 93,435 
76,92308 236,6008 192,0551 0,25213 2,1164 22,2248 6,77237 9,33324 93,435 
71,42857 245,5323 185,4166 0,26163 2,1164 23,0637 6,52623 9,68556 93,435 
66,66667 254,1501 179,4547 0,27079 2,1164 23,8732 6,30514 10,0255 93,435 
 
 
4.2.3.3.5 Mutual Inductance 
The mutual inductance is a relation of the areas and electrical currents between both wires, in this 
case between the central wire and the steel shield. The calculus is based on the current that flow 
through each conductor and the magnetic field that is generated by it in the space of the other. The 
space of integration is the same for both because the conductors are concentric. The (61) equation is 
used to this calculus. The arrangement of the problem is shown in the Figure 102. 
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Figure 103. The Arrangement of the problem to resolve the mutual Inductance of Coaxial Setup. In black, the 
inner conductor. In red, the steel shield. 
The magnetic field intensity in the space is calculated with Biot-Savart Law for finite wires. This 
problem is resolved for numeric integration, applying over the matrix of Magnetic Field the (73) 
equation. The axial symmetry allows to do a quick calculus of Magnetic field in a surface over half-
space, reducing the calculus to the (74) equation. 
2 2
2 2
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m
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2
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(74) 
With Re as the external radius of the steel shield. The Lm obtained is 180.57uH. 
 
4.2.4 Discharges of the Corona Tower installation 
The dischargers showed in Figure 96 are point-to-point arrangement in air. The geometry of the 
point-to-point arrangement was realized until obtain an electric field of  with a voltage 
breakdown   applied to upper electrode using a numerical simulation. 
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Figure 104 Air discharge for the working voltage 12.2 kV. Notice the magnitude of the electric field between 
the electrodes 
4.2.5 Inductance of the Corona Tower installation 
The inductance showed in Figure 105 is a detail of the inductance showed in Figure 96.  
 
 
Figure 105 Detail of the inductance showed in Figure 96 
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The value of the inductance must be selected in form that when a current signal lightning cross 
through the inductance, the inductance generates a voltage of  for activate the first 
discharge and protect the system. 
 
Figure 106 The figure presents the  for a current signal lightning. Notice that the maximum value is 
 
The value of the inductance can be calculated with equation (75): 
 
(75) 
The voltage of the second discharge can be selected in arbitrary form, in this case,  
define the capacitors voltage, and can be selected as . Consequently the value 
for the inductance is . 
On the other hand, using the slower signal for a current signal lightning presented in the standard 
NTC 4552-1 the value for the inductance is , see Figure 107.  
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Figure 107 The figure presents the  for a current signal lightning. Notice that the maximum value is 
 
 
4.2.6 Bank of capacitors 
The bank of capacitor is an array of capacitor interconnected to support a high voltage of  
which is the working voltage of the system. The reason for work with a bank of capacitor and do 
not use another element to store energy like a cell, battery or supercapacitor is that these elements 
have a long time interval for charging with a small currents as corona current. A conventional 
capacitor as a capacitor of polyester of 1nF or a small capacitor of 45µF has less losses and its time 
of charge it is very short in comparison with the last elements. According with the equation (76) 
deduced from Maxwell equations, it is possible to use small capacitor with less losses and working 
in high voltage for obtain more charge stored. 
 (76) 
On the other hand, the energy stored in a capacitor depends of the square of the voltage in the 
capacitor, see equation (77). 
 
(77) 
With the last criteria, a bank of capacitor was constructed and interconnected, see Figure 108 and 
106. This bank of capacitors, were tested and connected to the corona electrodes array showed in 
the Figure 65 and the nominal voltage for working is 400V. 
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Figure 108 A) and B) show the construction and assembly a module of capacitors. C) show a voltage 
discharge to protect the capacitors when they reach their maximum voltage tolerance. D) show a module of 
capacitors installed and connected to the bank of capacitors. 
 
Figure 109 A) show an acquisition system data for measuring the voltage in the bank of capacitors. B) Show a 
complete assembly of the bank of capacitors. C) Show the input to the system where the corona current source 
is connected. D) Show the complete system constructed and assembly. 
The results of the energy stored are showed in chapter 5. According with the equation (77), the bank 
of capacitors constructed can support a maximum energy of 84J equal to 58µAh. The total energy 
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stored by the corona tower interconnected to bank of capacitors of 1000µF charged to working 
voltage of 10kV is 50kJ equal to 1.39mAh. In conclusion, if the system do not present several losses 
it is possible to obtain an important energy stored. 
The system to store energy has 4 modules of capacitors interconnected. The modules are: 1nF, 
0.47µF, 47 µF and 1000 µF. 
4.2.6.1 Loss of bank of capacitors 
For to know the lost of the capacitors, the circuit test showed in Figure 110 was implemented for 
measuring the capacitor resistance. 
 
Figure 110 Circuit test for measuring the capacitor resistance Rc 
The results of the test are presented in Table XXII. 
Table XXII Results for capacitor resistance Rc 
Capacitor Capacitance µF Rc MΩ 
C1  23390 
C2 0.47 564 
C3 47 9.8 
C4 1000 1.42 
4.2.6.2 Dissipated power by the measurement system 
To take the measure of the voltage of each capacitor the circuit showed in Figure 111 was 
implemented in each capacitor. The dissipated power by the measuring system is very high; 
consequently, the charge stored in the capacitor is dissipated by the measuring system.  
 
V
0
Rmultimeter1
Rc
Rmultimeter2
C
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Figure 111 Energy measuring system 
Using the results showed in Table XXII and the circuit showed in Figure 111 the power dissipated 
by the measuring system and the power dissipated in the capacitor can be estimated. 
Table XXIII Percentage power dissipated by the measuring system 
Capacitor Power Source (%) Power Capacitor (%) 
Power Measuring 
System (%) 
Tao (ms) 
C1 100 0.45 99.55 0.1 
C2 100 2.59 97.41 0.26 
C3 100 60 40 0.46 
C4 100 91.4 8.6 1.42 
 
In conclusion, the measuring system dissipates the 61.39% of the power give by the source and only 
the 38.61% of the power charges the capacitors. 
With the last results showed in Table XXIII, a new measuring system was designed using 
resistances of R1=10GΩ and R2=200MΩ, where the gain of the amplifier is defined by  . The 
power dissipated by the new system is showed in Table XXIV:  
Table XXIV Percentage power dissipated by the new measuring system 
Capacitor Power Source (%) Power Capacitor (%) 
Power Measuring 
System (%) 
C2 100 94.67 5.33 
C3 100 99.90 0.1 
C4 100 99.99 0.01 
 
For the capacitor R1 it is better do not connect a measuring system. 
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4.3 Corona Tower over a building 
According with the criteria proposed in section 4.1, the equipotential voltage on the tip of the 
corona electrode change with the height of the corona tower. It is possible obtain more height if the 
corona tower is installed over a building for increasing the corona voltage source, see Figure 92. A 
height of 14m for the corona tower was assumed due to the mechanical construction over a 
building. The Figure 112, 113 and 114 show the simulation for the electric potential distribution, 
according with the criteria proposed in section 4.1, for different height of buildings. The space 
simulation has 600m by 1200m and the building is centered in X=600m. The results are presented 
in Table XXV. 
 
Figure 112 Distribution of electric potential for different heights of buildings. A) Building with width=20m 
and heinght=20m. B) Building with width=20m and heinght=40m. A) Building with width=20m and 
heinght=50m. A) Building with width=20m and heinght=60m. 
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Figure 113 Distribution of electric potential for different heights of buildings. A) Building with width=20m 
and heinght=70m. B) Building with width=20m and heinght=80m. A) Building with width=20m and 
heinght=90m. A) Building with width=20m and heinght=100m. 
 
 
Figure 114 Distribution of electric potential in the highest building in the city 
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Table XXV Results of the equipotential voltage for a corona tower with 14m in length over a different height 
of buildings 
Height building (m)  Height corona electrode tip (m)  Equipotenial voltage (kV) 
20 34 383 
40 54 479 
50 64 551 
60 74 603 
70 84 737 
80 94 780 
90 104 818 
100 114 850 
196 210 1080 
 
4.3.1 Design and Corona Tower over a building 
After the calculations made in sections 4.1, 4.2 and 4.3 the corona tower design is showed  
 
Figure 115 Dimensions of a Corona Tower installed over a building. A) Dimensions of the place. B) Height 
of the corona tower. C) Height of the building and D) Complete view of the installation  
The design of the lightning protection for the system to store energy is presents in Figure 116, each 
element of the system is inside of a metal box and the interconnection of the boxes is through 
coaxial lines. The first discharger (discharge1) reduce the magnitude of a possible lightning signal 
in the coaxial line, the inductance opposes to the current rapid increase in the coaxial line and 
ensures the first activation in the discharge1 before dicharge2. The discharge2 protects the system 
to store energy of a high voltage signal. 
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Figure 116 Design of the surge protection 
 
A possible edification where the Corona Tower can be installed is showed in the Figure 117 and 
Figure 118. 
 
Figure 117 Possible edification for installing the Corona Tower 
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Figure 118 Possible edification for installing the Corona Tower 
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5 CHAPTER 5: POWER GENERATED BY A PLANT OF POWER 
GENERATION FROM ATMOSPHERIC ENERGY 
5.1 Power generated by array of corona electrodes 
The bank of capacitor showed in Figure 108 and 109 was connected to the array of the corona 
electrodes showed in Figure 65. On December 8, 2011 the first result for stored energy was 
recorded by the system. The thunderstorm begins near to 15:00 pm on December 8, 2011, the 
activity of the thunderstorm stands for 9 hours until midnight and the total energy registered by the 
system is 5,1 J. 
 
Figure 119 The upper figure is the instantaneous energy stored in a capacitor charged with Corona Current in 
thunderstorm conditions. Bogota Colombia December 8, 2011.  The down figure is the total energy stored in a 
capacitor charged with Corona Current in thunderstorm conditions. Bogota Colombia December 8, 2011. 
 
The thunderstorm reminds until 04:00 am on December 9, 2011, the total energy registered by the 
system for the morning on December 9 is 24 J, before system failure, probably, due to a very high 
current induced in the system for a flash during the thunderstorm. 
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Figure 120 The upper figure is the instantaneous energy stored in a capacitor charged with Corona Current in 
thunderstorm conditions. Bogota Colombia December 9, 2011.  The down figure is the total energy stored in a 
capacitor charged with Corona Current in thunderstorm conditions. Bogota Colombia December 9, 2011. 
The total energy registered by the system during the thunderstorm from the afternoon of December 
8, 2011 until the morning of the December 9, 2011 is 29,1 J. 
According with the model proposed in Figure 92 and section 4.1 and the results showed in this 
section it is possible to estimate the energy supply by a corona tower designed in section 4.2. 
 The array of the corona electrodes is located at 21m over the ground level, for this height the 
voltage is , consequently, . The Thevenin equivalent circuit is showed in 
Figure 121. 
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Figure 121 The Thevenin equivalent circuit for the model proposed in Figure 92 and section 4.1 
The array of the corona electrodes has 5 electrodes, consequently, dividing the total energy 29.1J in 5 
electrodes, it follows that each electrode provides 5.8J. 
According with the Figure 121 b), the energy supply by a corona electrode at 21 meter over the 
ground level is: 
 
(78) 
Where  to 21m over the ground and  is the time of the thunderstorm. For a corona 
tower 40m over the ground and  the energy supplied by each electrode is: 
 
(79) 
In conclusion, the bank of capacitors constructed can storage 23.5J if it is connected a corona tower. 
If the bank of capacitors is connected to a corona tower over a building with 20m in length, using 
the equation (79) and the Table XXV the bank of capacitors constructed can storage 7.6J. 
Table XXVI Comparison of energy for different corona electrodes construction 
 Heigh (m) (kV) Energy (J) 
Corona electrode array 21 333 5.8 
Corona tower over building 34 380 7.6 
Corona tower over ground 40 670 23.5 
 
 If the bank of capacitors improvement its characteristics for avoid the losses for the measuring 
system, them it is possible to increase the energy stored. In section 4.2.6.2 the losses of the bank of 
capacitor were reported. If the bank of capacitors improves its characteristics until obtain an 
Sistema para la captura de energía proveniente de nubes de tormenta 
 
 
 
efficiency of 95% as it was reported in Table XXIV the energy expectation is presented in Table 
XXVII: 
Table XXVII Comparison of energy for different corona electrodes construction with an efficiency of 95% in 
the bank of capacitors 
 Heigh (m) (kV) Energy (J) 
Corona electrode array 21 333 15 
Corona tower over building 34 380 19.7 
Corona tower over ground 40 670 60.9 
 
 
Figure 122 The upper figure is the instantaneous energy stored in a capacitor charged with Corona Current in 
thunderstorm conditions. Bogota Colombia April 10, 2011. 
 
Figure 123 The upper figure is the instantaneous energy stored in a capacitor charged with Corona Current in 
thunderstorm conditions. Bogota Colombia December 8, 2011.  The down figure is the total energy stored in a 
capacitor charged with Corona Current in thunderstorm conditions. Bogota Colombia April 10, 2012. 
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5.2 Plant for power generation from atmospheric energy 
The best configuration for implement a plant of power generation from atmospheric energy is unig 
a corona tower over the ground. For to construct a plant for power generation from atmospheric 
energy it is necessary to interconnect the corona towers forming a module of 10 corona towers, see 
Figure 124. 
 
Figure 124 Module of 10 corona towers 
After construct the modules of corona tower, it is possible to interconnect the module with another 
10 modules forming a plant for power generation from atmospheric energy, see Figure 125.  
The total energy supply by plant is 6000J by thunderstorm according with the results showed in 
section 5.1. This energy is similar to the energy stored in the battery of cellular phone, similar to 
350mAh to 3.7V. 
 
Figure 125 Plant for power generation from atmospheric energy 
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5.3 Places to be installed a plant for power generation from atmospheric energy according with the 
cloud altitude 
In order to obtain the characteristic of cloud altitude in the country was developed observations as is 
shown in Table XXVIII. The 6 cities observed were Bogotá, Barranquilla, Medellín, Cali, 
Bucaramanga and Leticia, due to their geographical conditions and location in Colombia. 
Additionally, according to Unidad Administrativa Especial de Aeronáutica Civil, that is the national 
meteorological authority, the cloud altitude is measured through automatic remote ceilometers 
ensuring optimum quality of data collected. 
Table XXVIII Cloud Altitude for 6 Colombian cities in different days 
City Characteristics 
Altitude 
[m] 
Wind 
[km/h] 
Temp 
[°C] 
Relative 
Humidity 
Pressure 
[hPa] 
Bogotá Cloudy Sky 518 
13 13 88 1025 
Bogotá Scattered Clouds 2438 
Barranquilla Cloudy Sky 457 
22 27 79 1009 
Barranquilla Scattered Clouds 3048 
Medellín Scattered Clouds 457 
11 18 73 1023 
Medellín Scattered Clouds 6096 
Cali Few Clouds 610 
15 25 65 1012 
Cali Scattered Clouds 2438 
Bucaramanga Scattered Clouds 457 
9 23 78 1014 
Bucaramanga Cloudy Sky 2438 
Leticia Few Clouds 305 
4 27 89 1008 
Leticia Cloudy Sky 762 
Bogotá Scattered Clouds 305 
0 12 94 1029 
Bogotá Scattered Clouds 2134 
Barranquilla Scattered Clouds 457 
17 26 84 1011 
Barranquilla     
Medellín Scattered Clouds 305 
15 15 82 1026 
Medellín Scattered Clouds 2438 
Cali Scattered Clouds 518 
0 20 94 1016 
Cali Cloudy Sky 2743 
Bucaramanga Few Clouds 305 
15 20 83 1017 
Bucaramanga Scattered Clouds 2438 
Leticia Cloudy Sky 274 
0 25 94 1013 
Leticia Cloudy Sky 366 
Bogotá Scattered Clouds 518 
6 11 94 1026 
Bogotá Cloudy Sky 2438 
Barranquilla No clouds below  1500 
22 25 83 1010 
Barranquilla     
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Medellín Scattered Clouds 457 
0 15 94 1025 
Medellín Cloudy Sky 2743 
Cali Few Clouds 701 
6 21 88 1015 
Cali Cloudy Sky 3048 
Bucaramanga Few Clouds 366 
0 20 94 1015 
Bucaramanga Cloudy Sky 2134 
Leticia No clouds below  1500 
0 25 94 1011 
Leticia     
Bogotá Cloudy Sky 610 
22 17 63 1025 
Bogotá     
Barranquilla Scattered Clouds 457 
7 31 63 1011 
Barranquilla     
Medellín Cloudy Sky 610 
7 18 73 1025 
Medellín Cloudy Sky 2438 
Cali Few Clouds 610 
4 28 58 1014 
Cali Scattered Clouds 2743 
Bucaramanga Cloudy Sky 457 
13 23 78 1015 
Bucaramanga     
Leticia Scattered Clouds 183 
0 23 94 1014 
Leticia Overcast Sky 2134 
Bogotá Scattered Clouds 610 
7 19 56 1026 
Bogotá Scattered Clouds 7620 
Barranquilla Scattered Clouds 457 
9 32 56 1011 
Barranquilla     
Medellín Scattered Clouds 518 
9 19 60 1026 
Medellín Scattered Clouds 6096 
Cali Scattered Clouds 701 
6 27 62 1016 
Cali     
Bucaramanga Scattered Clouds 305 
7 24 74 1016 
Bucaramanga Scattered Clouds 2134 
Leticia Scattered Clouds 518 
7 29 79 1012 
Leticia Scattered Clouds 2743 
Bogotá Cloudy Sky 518 
19 19 56 1023 
Bogotá     
Barranquilla Scattered Clouds 457 
19 29 70 1009 
Barranquilla Scattered Clouds 6096 
Medellín Scattered Clouds 366 
19 16 88 1023 
Medellín Cloudy Sky 610 
Cali Few Clouds 762 
11 30 46 1010 
Cali Scattered Clouds 914 
Bucaramanga Scattered Clouds 457 11 25 65 1012 
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Bucaramanga     
Leticia Few Clouds 518 
7 32 71 1007 
Leticia     
Bogotá Scattered Clouds 610 
9 15 82 1024 
Bogotá Scattered Clouds 701 
Barranquilla Scattered Clouds 457 
20 27 79 1008 
Barranquilla Cloudy Sky 2438 
Medellín Cloudy Sky 457 
7 15 94 1023 
Medellín Scattered Clouds 6096 
Cali Scattered Clouds 610 
15 24 74 1013 Cali Scattered Clouds 2743 
Cali Cloudy Sky 6096 
Bucaramanga Few Clouds 305 
7 21 94 1014 
Bucaramanga Scattered Clouds 2134 
Leticia Few Clouds 457 
0 27 89 1008 
Leticia Overcast Sky 2438 
 
These observations were realized in intense rain period over all the country, in February-March 
months of 2012 and collecting other parameters as Wind, Temperature, Relative humidity and 
atmospheric pressure (See Table XXI).  
Bogotá was specially analyzed due to be center of research and place where the capture system is 
located. The cloud altitude was specially analyzed obtaining an average of 600 meters (See Figure 
126).  
 
Figure 126. Bogotá's Cloud Altitude Trend 
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6 CHAPTER 6: DISCUSSION, FUTURE WORK AND CONCLUSIONS 
6.1 Discussion and future work 
After the presented research work several investigation lines were opening in the first part was 
describing the physics of the corona current and the corona continuity equation were solved with 
finite method. This method can be used for futures works for analyzing the behavior of the corona 
space charge in deferment geometries and improve the lightning protections. The work report a 
detailed and thorough work about of the influence of the wind in the corona discharge, the work is 
supported with several tests in laboratory and the results is very interesting for the scientific 
community. The measuring system for corona current needs to be improved for obtain a more 
stringent measures of the corona current during a thunderstorm, moreover the measuring system of 
corona current, electric field, pressure, wind speed,  humidity and temperature needs to conform a 
more robust database for access and classify the information quickly. 
All corona tower needs to be constructed and implemented, actually a project work sponsored by 
the Departamento Administrativo de Ciencia, Tecnología e Innovación COLCIENCIAS, is starting 
for constructing a corona tower to store energy with the design proposed in this thesis work. 
6.2 General conclusions 
The electron, positive and negative ion densities increase as a function of time inside of the 
interelectrode gap space. 
The influence of the wind in the corona discharge process can be successfully calculated using 
both continuity and Poisson´s equations.  
From the calculations performed using the finite difference method, it can be concluded that after 
applying a wind stream in the X axis direction, the electron density remains constant, while the 
positive ions density increases and the negative ion density decreases. 
The Corona current increased when an air stream was applied to the interelectrode space region 
using different electrodes. This increase was different for each polarity, but this difference depends 
of the corona electrode geometry. The proposed working hypothesis that an air stream can remove 
the corona space charge close to a corona source, then the corona current is modified in a different 
manner in different types of corona electrodes, was tested. It was concluded that the single-needle 
electrode is more efficient in producing corona current than the cactus-like electrode and others. 
This is valid for the tested low background electric fields and for the atmospherically pressure of 
Bogotá 0,74 atmospheres. This phenomenon is polarity dependent. 
In the present research work it is demonstrated that the corona onset electric field is not affected 
by the wind speed. It has been also confirmed that the corona current increases with the wind speed. 
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Additionally, a good approximation between the corona current magnitude and wind speed (air 
stream velocity), background electric field, electrode length, space charge radius and time was 
obtained by using a modified Bazelyan´s equation. Results obtained are restricted to the 
experimentally applied air stream velocities.  
According to the proposed hypothesis, the measured electric field could be affected by the corona 
space charge removed from the tip of the corona electrode. This result   is observed in laboratory 
tests performed with calibrated instruments. This could also be the case for natural electric fields 
measured with the same instruments under thunderstorm conditions. 
The delay between the measured electric field and the measured corona current reported in this 
paper needs to be corroborated. To do this, the recorded signals should be compared using 
redundant transient and static electric field measurements. 
The atmospheric variables pressure, temperature and humidity show rapid changes during a 
thunderstorm registered in Bogotá, Colombia. The drastic increase in the corona current measured 
in a pointed electrode placed at 22 mi above ground level is the variable used to determine the 
presence of a thunderstorm using a thunderstorm prediction algorithm.  
The criteria for power generation from atmospheric energy were established. An approximated 
circuit model was proposed for describing the interconnection of the corona electrodes and the 
cloudy during a thunderstorm after to establish the criteria for power generation a corona tower was 
designed and proposed for to capture energy from atmospheric electric field, the corona tower can 
support a lightning discharge according with the Colombian standard NTC 4552. To stores the 
energy a bank of capacitors was proposed after to realized several experiments, the future of the 
work depend of the building of capacitors with low losses in the electronic marker. The 
experimental results during a real thunderstorms using the corona current measuring system and the 
bank of capacitors constructed show that it is possible to store energy from the atmospheric 
electricity and it can becomes an important energy source for the world. 
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6.3 Contributions of the present research work and publications 
[1] D. Ariza, O. Escobar and F. Roman, “Corona current in a cactus-like electrode under natural-
like electric field: Comparison with a single needle electrode”, 30th International Conference on 
Lightning Protection - ICLP 2010, Cagliari, Italy - September 13th -17th, 2010. 
[2] D. Ariza, O. Montero, F. Roman, O. Escobar “Influence of the Wind for Positive Corona in a 
Singleneedle-electrode on Thunderstorm-like Conditions”, 2011 International Symposium on 
Lightning Protection (XI SIPDA), Fortaleza, Brazil, October 3-7, 2011. 
[3] D. Ariza, O. Montero, F. Roman, “Corona Space Charge Flux Effects on Background Electric 
Field Measurements in a Point-to-Plane Arrangement”, 2011 7th Asia-Pacific International 
Conference on Lightning, Chengdu, China,  pp. 746 – 749, November 1-4, 2011.  
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2012 
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31th International Conference on Lightning Protection - ICLP 2012, Vienna, Austria - 
September 2th -7th, 2012. 
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10206386.html ,Agosto 22, 2011. 
[8] UNperiodico, “Usan energía de las nubes para cargar equipos electrónicos”, 
http://www.unperiodico.unal.edu.co/dper/article/usan-energia-de-las-nubes-para-cargar-
equipos-electronicos/index.html ,Agosto 13, 2011. 
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8 ANNEX: MEASUREMENTS RECORDED DURING 22 THUNDERSTORMS 
 
I. Measurements on July 29 
 
Figure 127 Thunderstorm on July 29. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
Figure 128 Thunderstorm on July 29, 2011. The black 
line is the atmospheric pressure and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
 
 
 
 
 
Figure 129 Thunderstorm on July 29, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 130 Thunderstorm on July 29, 2011. The blue 
line is the relative air humidity and the green one is the 
corona current measured in the single corona electrode 
shown in Figure 64. 
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Figure 131 Detail of thunderstorm on July 29. 2011. 
The red line is the electric field and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 132 Detail of thunderstorm on July 29, 2011. 
The black line is the atmospheric pressure and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 133 Detail of thunderstorm on July 29, 2011. 
The magenta line is the ambient temperature and the 
green line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 134 Detail of thunderstorm on July 29, 2011. 
The blue line is the relative air humidity and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64. 
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Figure 135 Thunderstorm on July 29, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
 
Table XXIX Range data for thunderstorm on July 29 
 Max Min 
Electric Field (kV) 8.42 -4.75 
Corona Current (µA) 0.46 -0.24 
Pressure (hPa) 744.3 739.3 
Temperature (°C) 25.1 13.6 
Humidity (%) 84 34 
 
 
 
 
II. Measurements on July 30 
 
Figure 136 Thunderstorm on July 30. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
 
Figure 137 Thunderstorm on July 30, 2011. The black 
line is the atmospheric pressure and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
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Figure 138 Thunderstorm on July 30, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
 
Figure 139 Thunderstorm on July 30, 2011. The blue 
line is the relative air humidity and the green one is the 
corona current measured in the single corona electrode 
shown in Figure 64. 
 
 
Figure 140 Detail of thunderstorm on July 30. 2011. 
The red line is the electric field and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 141 Detail of thunderstorm on July 30, 2011. 
The black line is the atmospheric pressure and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64 
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Figure 142 Detail of thunderstorm on July 30, 2011. 
The magenta line is the ambient temperature and the 
green line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 143 Detail of thunderstorm on July 30, 2011. 
The blue line is the relative air humidity and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
Figure 144 Detail of thunderstorm on July 30. 2011. 
The red line is the electric field and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 145 Detail of thunderstorm on July 30. 2011. 
The red line is the electric field and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
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Figure 146 Detail of thunderstorm on July 30. 2011. 
The red line is the electric field and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 147 Thunderstorm on July 30, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
TABLE XXX Range data for thunderstorm on July 30 
 Max Min 
Electric Field (kV) 33.1 -18 
Corona Current (µA) 1.05 -0.99 
Pressure (hPa) 741.74 736.8 
Temperature (°C) 26 11.7 
Humidity (%) 90 43 
 
III. Measurements on July 31 
 
Figure 148 Thunderstorm on July 31. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
 
Figure 149 Detail of thunderstorm on July 31. 2011. 
The red line is the electric field and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
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Figure 150 Thunderstorm on July 31, 2011. The black 
line is the atmospheric pressure and the green one is 
the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 151 Thunderstorm on July 31, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 152 Detail of thunderstorm on July 31, 2011. 
The magenta line is the ambient temperature and the 
green line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 153 Thunderstorm on July 31, 2011. The blue 
line is the relative air humidity and the green one is the 
corona current measured in the single corona electrode 
shown in Figure 64. 
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Figure 154 Detail of thunderstorm on July 31, 2011. 
The blue line is the relative air humidity and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
Figure 155 Thunderstorm on July 31, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64, during the thunderstorm. 
 
 
 
 
 
IV. Measurements on August 1 
 
Figure 156 Thunderstorm on August 01. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
 
Figure 157 Thunderstorm on August 01, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
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Figure 158 Thunderstorm on August 01, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 159 Thunderstorm on August 01, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
Figure 160 Detail of thunderstorm on August 01. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 161 Detail thunderstorm on August 01, 2011. 
The black line is the atmospheric pressure and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64 
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Figure 162 Detail of thunderstorm on August 01, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
 
 
Figure 163 Detail of thunderstorm on August 01, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
 
 
Figure 164 Thunderstorm on August 01, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
 
 
V. Measurements on August 2 
 
Figure 165 Thunderstorm on August 02. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
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Figure 166 Detail of thunderstorm on August 02. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 167 Thunderstorm on August 02, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
Figure 168 Detail of thunderstorm on August 02, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 64 
 
Figure 169 Thunderstorm on August 02, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
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Figure 170 Detail of thunderstorm on August 02, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
 
 
Figure 171 Thunderstorm on August 02, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
Figure 172 Detail of thunderstorm on August 02, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
 
 
Figure 173 Thunderstorm on August 02, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
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VI. Measurements on August 3 
 
Figure 174 Thunderstorm on August 03. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
 
Figure 175 Detail of thunderstorm on August 03. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 176 Thunderstorm on August 03, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 177 Detail of thunderstorm on August 03, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 64 
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Figure 178 Thunderstorm on August 03, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
 
Figure 179 Detail of thunderstorm on August 03, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
 
 
 
Figure 180 Thunderstorm on August 03, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
 
Figure 181 Detail of thunderstorm on August 03, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
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Figure 182 Thunderstorm on August 03, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
 
 
 
 
 
 
 
VII. Measurements on August 4 
 
Figure 183 Thunderstorm on August 04. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
Figure 184 Detail of thunderstorm on August 04. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
 
 
 
 
Figure 185 Thunderstorm on August 04, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
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Figure 186 Detail of thunderstorm on August 04, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 64 
 
Figure 187 Thunderstorm on August 04, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
Figure 188 Detail of thunderstorm on August 04, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
 
 
Figure 189 Thunderstorm on August 04, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
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Figure 190 Detail of thunderstorm on August 04, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
 
 
Figure 191 Thunderstorm on August 04, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
TABLE XXXI Range data for thunderstorm on August 
04 
 Max Min 
Electric Field (kV) 10.53 -8.10 
Corona Current (µA) 0.74 0.64 
Pressure (hPa) 748.6 744.18 
Temperature (°C) 28.7 11.2 
Humidity (%) 81 27 
 
 
VIII. Measurements on August 7 
 
Figure 192 Thunderstorm on August 07. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
 
Figure 193 Detail of thunderstorm on August 07. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
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Figure 194 Thunderstorm on August 07, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
Figure 195 Detail of thunderstorm on August 07, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 64 
 
Figure 196 Thunderstorm on August 07, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
Figure 197 Detail of thunderstorm on August 07, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
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Figure 198 Thunderstorm on August 07, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
 
 
Figure 199 Detail of thunderstorm on August 07, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
 
Figure 200 Thunderstorm on August 07, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
 
 
IX. Measurements on August 18 
 
Figure 201 Thunderstorm on August 18. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
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Figure 202 Detail of thunderstorm on August 18. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 203 Thunderstorm on August 18, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
Figure 204 Detail of thunderstorm on August 18, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 64 
 
Figure 205 Thunderstorm on August 18, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
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Figure 206 Detail of thunderstorm on August 18, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
 
 
 
Figure 207 Thunderstorm on August 18, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
Figure 208 Detail of thunderstorm on August 18, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
 
 
 
Figure 209 Thunderstorm on August 18, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
 
X. Measurements on August 19 
Sistema para la captura de energía proveniente de nubes de tormenta 
 
 
 
 
Figure 210 Thunderstorm on August 19. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 64 
 
 
Figure 211 Detail of thunderstorm on August 19. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
 
Figure 212 Thunderstorm on August 19, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 64 
 
Figure 213 Detail of thunderstorm on August 19, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 64 
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Figure 214 Thunderstorm on August 19, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 64 
 
 
 
Figure 215 Detail of thunderstorm on August 19, 
2011. The magenta line is the ambient temperature and 
the green line is the corona current measured in the 
single corona electrode shown in Figure 64 
 
 
 
Figure 216 Thunderstorm on August 19, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 64. 
 
 
 
Figure 217 Detail of thunderstorm on August 19, 
2011. The blue line is the relative air humidity and the 
green one is the corona current measured in the single 
corona electrode shown in Figure 64. 
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Figure 218 Thunderstorm on August 19, 2011. 
Measurements were normalized to compare the 
behavior of each atmospheric variable with the corona 
current measured in the single corona electrode shown 
in Figure 64., during the thunderstorm. 
 
 
 
 
 
 
 
XI. Measurements on August 22 
 
Figure 219 Thunderstorm on August 22. 2011. The red 
line is the electric field and the green one is the corona 
current measured in the single corona electrode shown 
in Figure 66 
 
Figure 220 Detail of thunderstorm on August 22. 
2011. The red line is the electric field and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 66 
 
 
 
 
 
Figure 221 Thunderstorm on August 22, 2011. The 
black line is the atmospheric pressure and the green 
one is the corona current measured in the single corona 
electrode shown in Figure 66 
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Figure 222 Detail of thunderstorm on August 22, 
2011. The black line is the atmospheric pressure and 
the green one is the corona current measured in the 
single corona electrode shown in Figure 66 
 
XII. Measurements on September 7 
 
Figure 223 Thunderstorm on September 07. 2011. The 
red line is the electric field and the green one is the 
corona current measured in the single corona electrode 
shown in Figure 66 
 
Figure 224 Thunderstorm on September 07, 2011. The 
magenta line is the ambient temperature and the green 
line is the corona current measured in the single 
corona electrode shown in Figure 66 
 
 
 
Figure 225 Thunderstorm on September 07, 2011. The 
blue line is the relative air humidity and the green one 
is the corona current measured in the single corona 
electrode shown in Figure 66. 
 
 
 
